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Abstract
Recently functionalized carbon nanotubes (CNTs) and graphene layers (GLs)
attract a lot of research activities, mainly because of their potential applica-
tions in nanotechnology, such as novel composites and functional materials
for future elastic electronics. Covalent functionalization allows for engineer-
ing of electrical and mechanical properties of CNTs and GLs, however, in
some cases it leads to certain unwanted effects. Therefore, the experimental
and theoretical studies of functionalized CNTs and GLs are crucial for gain-
ing understanding of functionalization processes and can further facilitate
the design of new effective materials and devices.
In this thesis, extensive theoretical studies of functionalized carbon nan-
otubes and graphene layers are presented. These studies are based on the ab
initio calculations in the framework of the density functional theory (DFT)
and provide valuable quantitative predictions, which are of importance for
design of new composite materials and functional devices. The calculations
have been performed for various metallic and semiconductor single- and
double-wall CNTs and GLs, functionalized with simple organic molecules,
such as -OH, -COOH, -NHn, -CHn, at concentration up to 12.5%. The de-
pendence of the cohesive properties of functionalized carbon systems on the
density of the adsorbed molecules is also discussed.
We have calculated binding energies, heat of formation, resulting defor-
mations of CNTs and GLs, and changes in the electronic structure induced
by functionalization. Adsorbates make covalent bonds to the GL and lateral
surface of CNT, causing local deformations, sp2 to sp3 rehybridization, and
increasing GL and CNT lattice constants. We have determined the critical
density of molecules that could be adsorbed on the surface of CNTs and
GLs. It is also shown how to tune band gap in graphene layers by changing
the type and concentration of dopants and to induce metal-semiconductor
transition in CNTs, which could be utilized in electronic devices. The origin
of the impurity bands and dopant induced changes in the electronic spectra
and density of states (DOS) are explained.
In the absence of experimental data, theoretical predictions of the elas-
tic constants, such as Young’s, shear and bulk moduli, and Poisson’s ratio
of functionalized systems constitute the only available information. The
covalent functionalization of the CNTs and GLs does reduce their moduli,
roughly proportionally to the density of the attached molecules; however,
the functionalized carbon systems remain strong enough to be used as en-
forcement in composite materials.
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The ballistic conductance, current-voltage characteristics I(Vb) and the
relation between chemical reactivity of the surface and electrical conduc-
tivity have been determined. Functionalization with amines and methyl
groups, even for higher concentrations, has minor influence on conductance
and I(Vb) characteristics in comparison to pure GL, whereas groups contain-
ing oxygen (like hydroxyl) or radicals (such as -NH) cause major differences.
In the case of CNTs, it has been shown that the structural changes of the
single-wall CNTs cause dramatic increase of the FET channel resistance,
whereas double-walled CNTs can be successfully used as sensors, because
the current is supposed to flow through the inner tube, and the sensed sub-
stances are attached to the functionalized outer tube. The obtained results
of calculations agree with available experimental data very well.
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Streszczenie
Nanorurki we¸glowe (CNT) i grafen (GL) przycia¸gaja¸ obecnie wiele zaintere-
sowania z powodu ich potencjalnych zastosowan´ w nanotechnologii, takich
jak nowe materialy kompozytowe, czy funkcjonalne moga¸ce znalez´c´ zas-
tosowanie w elastycznej elektronice w przyszlos´ci. Kowalencyjna funkcjon-
alizacja pozwala na projektowanie i sterowanie wlasnos´ciami elektrycznymi
i mechanicznymi nanorurek we¸glowych i grafenu. Niestety czasami moz˙e
wywolywac´ niepoz˙a¸dane efekty. Dlatego tez˙ tak waz˙ne sa¸ zaro´wno bada-
nia dos´wiadczalne i teoretyczne funkcjonalizowanych nanorurek i grafenu w
zrozumieniu samego procesu funkcjonalizacji, jak dla dalszych zastosowan´.
W niniejszej pracy zaprezentowano szerokie i systematyczne badania teo-
retyczne funkcjonalizowanych nanorurek i grafenu oparte na teorii funkcjona-
lu ge¸stos´ci (DFT). Przedstawione zostaly ilos´ciowe przewidywania, kto´re sa¸
niezwykle waz˙ne dla projektowania nowych materialo´w kompozytowych i
urza¸dzen´. Przeprowadzono obliczenia ro´z˙nych metalicznych i po´lprzewodnich
nanorurek, w tym pojedynczych, jak i podwo´jnych, a takz˙e warstw grafeno-
wych, kto´re sfunkcjonalizowano prostymi grupami organicznymi, takimi jak:
-OH, -COOH, -NHn, -CHn, dla koncentracji osia¸gaja¸cych 12.5%. Zalez˙nos´c´
wlasnos´ci funckjonalizowych systemo´w we¸glowych od ge¸stos´ci zaabsorbowa-
nych molekul na ich powierzchni ro´wniez˙ zostalo omo´wione.
Policzone zostaly: energie wia¸zania, entalpie tworzenia, deformacje jako
zmiany promienia (w przypadku nanorurek) lub stalych sieci, a takz˙e struk-
tury elektronowe sfunkcjonalizowanych uklado´w. Adsorbuja¸ce molekuly
tworzyly wia¸zania kowalencyjne wywoluja¸c tym samym rehybrydyzacje¸ wia¸-
zan´ z sp2 do sp3 oraz wydluz˙aja¸c stale sieci w obu typach rozpatrywanych
systemo´w. Ustalona zostala graniczna liczba molekul, kto´ra moz˙e przylaczyc´
sie¸ do powierzchni nanorurek i grafenu. Zaproponowano sposo´b regulowania
wielkos´ci przerwy w grafenie i zmiany charakteru metalicznego na po´lprzewo-
dnikowy i odwrotnie, w przypadku nanorurek, co ma szczego´lnie duz˙e znacze-
nie w elektronice. Wyjas´niono mechanizm odpowiedzialny za powstanie
pasm domieszkowych i innych efekto´w funkcjonalizacji widocznych w struk-
turze pasmowej i ge¸stos´ci stano´w.
Naste¸pnie, zaprezentowano przewidywania teoretyczne wielkos´ci charak-
teryzuja¸cych wlasnos´ci elastyczne funkcjonalizowanych systemo´w: modul
Younga, Kirchhoffa, Helmholtza oraz wspo´lczynnik Poissona. Kowalen-
cyjna funkcjonalizacja powoduje redukcje¸ modulo´w elastycznych wraz ze
wzrostem ge¸stos´ci dola¸czonych molekul, przy czym struktury te pozostaja¸
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wystarczaja¸co wytrzymale, aby mo´c stanowic´ wzmocnienie klasycznych ma-
terialo´w kompozytowych.
Policzona zostala przewodnos´c´ w rez˙imie balistycznym, charakterystyki
pra¸dowo-napie¸ciowe oraz zalez˙nos´c´ mie¸dzy reaktywos´cia¸ powierzchni a prze-
wodnos´cia elektryczna¸. Funkcjonalizacja aminami i grupami metylowymi,
nawet w przypadku wyz˙szych koncentracji zmienia w mniejszym stopniu
przewodnos´c´ i charaktyrystyki I(Vb) niz˙ robia¸ to grupy zawieraja¸ce tlen,
jak grupa hydroksylowa czy rodniki, np. -NH. W przypadku nanorurek
wykazano, z˙e uz˙ywanie pojedynczych powoduje dramatyczny wzrost oporno-
s´ci dyskwalifikuja¸c je jako sensory, proponuja¸c przy tym jako rozwia¸zanie
zastosowanie podwo´jnych nanorurek. Przewaga¸ podwo´jnych nanorurek nad
pojedynczymi jest moz˙liwos´c´ wykorzystania wewne¸trznej rurki do prze-
wodzenia pra¸du, kiedy zewne¸trzna be¸dzie rejestrowala poz˙a¸dane substancje.
Wszystkie uzyskane wyniki bardzo dobrze zgadzaja¸ sie¸ z doste¸pnymi danymi
dos´wiadczalnymi.
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1 Introduction
One of the most fascinating aspects of the contemporary condensed matter
physics, is research activity focusing on so-called ’man-made’ systems in
addition to studies dealing with the whole plethora of systems existing in
nature. The studies of the man-made systems concentrate on design of new
materials exhibiting extraordinary physical phenomena and simultaneously
on possibility to tailor physicochemical properties of the systems to achieve
functionalities that are necessary for desired applications. In particular,
during last few decades one could observe growing interest in experimental
and theoretical investigations of carbon allotropes. Carbon, the sixth ele-
ment in the Periodic Table of Elements, which is present in over 95% of the
known chemical compounds, is considered to be most important element
for life on our planet.
Carbon compounds possess variety of allotropes (see Fig. 1.0.1) - from
0D (fullerene), through 1D (nanotube, nanowire), 2D (graphene), up to
3D (graphite, diamond), all of them exhibiting extraordinary mechanical
flexibility. Nowadays, all allotropic forms of carbon attract a lot of attention
because of remarkable properties and high-performance application in the
field of nanoelectronics, optoelectronics, hydrogen storage, sensors, solar
and fuel cells and nanocomposites [1, 2, 3, 4, 5]. They are ideal targets for
the investigation of fundamental chemical and physical questions, such as
binding molecules depending on their shape and charge, charge transport
in confined spaces or sensing in single molecule regime.
Figure 1.0.1: Allotropes of carbon: (a) fullerene (0D), (b) nanotube (1D),
(c) graphene (2D), and (d) graphite (3D).
Crystalline forms of the carbon materials, diamond and graphite (see
Fig. 1.0.1), have been well known since centuries. Therefore it is fascinating
to see, that this very old and common element is capable of forming all
these new morphologies.
Carbon nanotubes (CNTs), observed for the first time by Endo [6] in
1976 as ’tubular graphite’ and reported as new form of carbon by Iijima
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2 1 Introduction
[7] in 1991, have become after the fullerene (see Fig. 1.0.1 (a)) the second
new-discovered allotrope of carbon, taking a leading position in nanotech-
nology research. They can be visualized as cylindrical structure, where the
atoms are arranged in hexagonal networks on the surface of the cylinder
(see Fig. 1.0.1 (b)). They also have a hemispherical ’cap’ at each end of
the cylinder. One can distinguish easily between single and multi-walled
nanotubes, although other criteria can be used, such as chirality. The out-
standing properties of carbon nanotubes (CNT), such as extreme flexibility,
thermal stability, chemical inertia or single electron transport, imply novel
1D physics and plethora of commercial applications [1, 8, 9]. Being metal-
lic or semi-conducting, depending on their structure, CNTs can be used in
quantum devices. Interesting electronic and transport properties with ex-
treme stiffness give rise to a whole series of concepts of novel nanodevices
and nanocomposites.
Next, very interesting carbon allotrope, is graphene - a two-dimensional
monolayer formed out of sp2 hybridized carbon atoms ordered in a honey-
comb like lattice (see Fig. 1.0.1 (c)). Due to the hexagonal symmetry, its
valence and conduction bands cross and have linear dispersion at high sym-
metric K-point. Sometimes graphene is treated as giant flat molecule [10]
according to view originally suggested by Pauling [11]. It was first studied
theoretically by Wallance [12] in 1947, then named by Boehm [13, 14, 15],
and after all of those years synthesized by Novoselov and Geim [16]. Since
famous publication of Novoselov et al. [16] in 2004, proving thermodynam-
ical stability of 2D allotrope of carbon, graphene became one of the hottest
frontiers in nanotechnology successfully competing with fullerenes and car-
bon nanotubes. Winners of Nobel Prize in 2010, K. Novoselov and A. Geim,
describe this new material as follows: Graphene is a rapidly rising star on
the horizon of materials science and condensed-matter physics. This strictly
two-dimensional material exhibits exceptionally high crystal and electronic
quality, and, despite its short history, has already revealed a cornucopia of
new physics and potential applications [17]. Graphene research is probably
one of the fastest growing fields in condensed matter physics. According
to Ref. [18] in 2010 there have been published 3000 papers about graphene
reflecting shift in interest of researchers from CNT to graphene.
Chemical functionalization is one of the main methods, which allows
to manipulate physical and chemical properties of nanoobjects and study
interaction between objects and environment [19, 20]. In this thesis we
restrict ourselves to the case of covalent functionalization of CNT and GL
which, in contrast to non-covalent scheme, is more robust and leads to more
changes in mechanical and electrical properties of those systems [21]. This
type of functionalization allows for: (i) increasing, tuning and adjusting the
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solubility, dispersibility and processability of CNT and GL in organic media,
(ii) modifying and tailoring mechanical and electrical properties of both type
of systems, (iii) separation and isolation of specific types of CNTs (with
different types of chiralities, helicities and metallic from semiconducting).
The main focus of this thesis lies on clarifying the effect of covalent
functionalization of carbon nanotubes (CNTs) and graphene layers (GLs)
on structural, mechanical, electronic and transport properties, as well as on
possible usage in nanocomposites and nanoelectronic devices. This thesis
is divided into two parts: in the first part there are discussed properties of
covalently functionalized carbon nanotubes; in the second - graphene layers.
The results obtained during PhD studies have been published in the form
of 10 articles.
1. K. Z. Milowska, J. A. Majewski, Elastic Properties of Functionalized Car-
bon Nanotubes, Phys. Chem. Chem. Phys. 15(34), 14303 - 14309 (2013).
2. K. Z. Milowska, J. A. Majewski, Functionalization of carbon nanotubes with
-CHn, -NHn fragments, -COOH and -OH groups, J. Chem. Phys. 138,
194704 (2013).
3. K. Z. Milowska, J. A. Majewski, Stability and electronic structure of co-
valently functionalized graphene layers, Physica Status Solidi B 250(8)
1474-1477 (2013).
4. K. Z. Milowska, M. Birowska, J. A. Majewski, Ab-initio Study of Structural,
Mechanical And Electronic Properties of Functionalized Carbon Nanotubes,
AIP Conference Proceedings, 31st International Conference on the Physics
of Semiconductors 2012, Zurich, Switzerland, 29.07-03.08.2012 - accepted;
5. K. Z. Milowska, M. Birowska, J. A. Majewski Mechanical, Electronic, and
Transport Properties of Functionalized Graphene Monolayers from Ab Ini-
tio Studies, AIP Conference Proceedings, 31st International Conference on
the Physics of Semiconductors 2012, Zurich, Switzerland, 29.07-03.08.2012
- accepted;
6. K. Milowska, M. Birowska, J. A. Majewski, Mechanical and electrical prop-
erties of carbon nanotubes and graphene layers functionalized with amines,
Diamond and Related Materials, 23, 167-171 (2012).
7. K. Milowska, M. Birowska, J. A. Majewski, Structural and Electronic Prop-
erties of Functionalized Graphene, Acta Physica Polonica A, 120, 842-844
(2011).
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8. M. Birowska, K. Milowska, J. A. Majewski, Van Der Waals Density Func-
tionals for Graphene Layers and Graphite, Acta Physica Polonica A, 120,
845-848 (2011).
9. K. Milowska, M. Birowska, J. A. Majewski, Mechanical, electrical, and
magnetic properties of functionalized carbon nanotubes, AIP Conference
Proceedings, 1399, 827-828, (2011), 30th Int. Conf. on the Physics of
Semiconductors, Seoul, Korea, 25-30.06.2010.
10. K. Milowska, M. Birowska, J. A. Majewski, Ab initio study of functionalized
carbon nanotubes, Acta Physica Polonica A, 116, 841-843 (2009).
Conference presentations and seminars:
1. 42th ’Jaszowiec’ International School and Conference on the Physics Semi-
conductors, Wisla, Poland, 21-28.06.2013, poster: K. Z. Milowska, J. A.
Majewski First-principle Studies of the Electronic Transport in Covalently
Functionalized Graphene.
2. Seminar at Ludwig Maximilians University, Munich, Germany, 24.05.2013,
K. Z. Milowska, J. A. Majewski Theoretical aspects of covalent function-
alization of carbon nanotubes and graphene monolayers and its potential
applications.
3. seminar at Wroclaw University of Technology , Wroclaw, Poland, 19.12.2012,
K. Milowska, M. Woin´ska, J. A. Majewski Theoretical aspects of covalent
functionalization of carbon nanotubes and graphene.
4. E-MRS 2012 Fall Meeting, Warszawa, 16-21.09.2012, contributed talk: K.
Z. Milowska, J. A. Majewski Stability and electronic structure of covalently
functionalized graphene layers, poster: K. Z. Milowska, M. Birowska, J. A.
Majewski Mechanical and Electrical Properties of Functionalized Carbon
Nanotubes.
5. 31st International Conference on the Physics of Semiconductors 2012, Zurich,
Switzerland, 29.07-03.08.2012, 2 posters: K. Milowska, M. Birowska, J. A.
Majewski Ab-initio Study of Structural, Mechanical and Electronic Prop-
erties of Functionalized Carbon Nanotubes, K. Z. Milowska, M. Birowska,
J. A. Majewski Mechanical, Electronic, and Transport Properties of Func-
tionalized Graphene Monolayers from Ab Initio Studies.
6. 41th ’Jaszowiec’ International School and Conference on the Physics Semi-
conductors, Krynica-Zdro´j, Poland, 08 -15.06.2012 - poster: K. Z. Milowska,
J. A. Majewski, First principle modeling of the electronic transport double
wall carbon nanotubes.

“doktoratKM5˙b5˙marginesy” — 2013/8/8 — 22:50 — page 5 — #23






5
7. APS March Meeting 2012, Boston, USA, 27.02-02.03.2012 2 contributed
talks: K. Z. Milowska, M. Birowska, J. A. Majewski Ab initio studies of
mechanical and electrical properties of functionalized carbon nanotubes, J.
A. Majewski, K. Z. Milowska, M. Birowska, M. Woin´ska, Stability and
electronic structure of the functionalized graphene layers.
8. ECI - Carbon-Based Nano-Materials and Devices, Suzhou, China, 16-21.10.
2011 - 2 contributed talks: K. Z. Milowska, M. Birowska, J. A. Majewski Ab
initio studies of elastic properties of functionalized carbon nanotubes and
graphene layers, M. Birowska, K. Z. Milowska, J. A. Majewski Stability
and electronic properties of functionalized carbon nanotubes and grapheme
layers.
9. Warsaw and Karlsruhe Nanotechnology Day, Warszawa, Poland, 22.09.2011
poster: K. Z. Milowska, M. Birowska, J. A. Majewski Mechanical and
electrical properties of functionalized carbon nanotubes and graphene layers.
10. ’DIAMOND 2011’, 22nd European Conference on Diamond, Diamond-Like
Materials, Carbon Nanotubes and Nitrides, Garmisch-Partenkirchen, Ger-
many, 04-08.09.2011 poster: K. Z. Milowska, M. Birowska, J. A. Majew-
ski Mechanical, electrical and magnetic properties of functionalized carbon
nanotubes and graphene layers.
11. 40th ’Jaszowiec’ International School and Conference on the Physics of
Semiconductors, Krynica-Zdro´j Poland, 25.06-01.07. 2011, contributed
talk: K. Z. Milowska, M. Birowska, J. A. Majewski Structural and elec-
tronic properties of functionalized graphene, poster: M. Birowska, K. Z.
Milowska, J. A. Majewski Van der Waals Density Functionals in Materi-
ale Science.
12. ’Coma-ruga 2010’, 6th International Workshop on Nanomagnetism and
Superconductivity, Coma-ruga, Spain, 30.06-04.07.2010r. poster: K. Z.
Milowska, M. Birowska, J. A. Majewski Ab initio studies of mechanical
properties of functionalized carbon nanotubes.
13. 39th ’Jaszowiec’ International School and Conference on the Physics of
Semiconductors, Krynica-Zdro´j Poland, 19-24.06. 2010 invited talk: J. A.
Majewski, K. Milowska, M. Birowska, , Functionalized carbon nanotubes
a key to nanotechnology, poster: K. Z. Milowska, M. Birowska, J. A. Ma-
jewski, Ab initio studies of elastic properties of functionalized carbon nan-
otubes.
14. Psi-k Training Graduate School, Bristol, United Kingdom, 20-26.09.2009r.
: poster: K. Milowska, M. Birowska, J. A. Majewski Ab initio studies
of functionalized carbon nanotubes, contributed talk: K. Milowska, M.
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Birowska, J. A. Majewski Ab initio studies of structural properties of func-
tionalized carbon nanotubes.
15. 14th ETSF Workshop on Electronic Excitations: Ab-Initio Tools for the
Characterization of Nanostructures, Evora, Portugal, 15-19.09.2009 poster:
K. Milowska, M. Birowska, J. A. Majewski Ab initio studies of structural
properties of functionalized carbon nanotubes.
16. 38th ’Jaszowiec’ International School and Conference on the Physics of
Semiconductors, Krynica-Zdro´j Poland, 19-26.06.2009 poster: M. Birowska,
K. Milowska, J. A. Majewski Ab initio studies of functionalized carbon nan-
otubes.
17. Workshop on the Biomolecules and Nanostructures European Conference
Abstracts, poster: K. Milowska, M. Birowska, J. A. Majewski Structural
and Electronic Properties of Functionalized Carbon Nanotubes and Graphene
Layers, Be¸dlewo, Poland 4-8.09.2011.
18. 27th Max Born Symposium on Multiscale Modeling of Real Materials, in-
vited talk: J. A. Majewski, K. Milowska, M. Birowska, Functionalized car-
bon nanotubes a key to nanotechnology?, Wroclaw, Poland, 17-20.09.2010.
19. 30th Int. Conf. on the Physics of Semiconductors, Seoul, Korea, 25-
30.06.2010 poster: K. Milowska, M. Birowska, J. A. Majewski Mechanical,
electrical, and magnetic properties of functionalized carbon nanotubes.
During PhD studies, I have been also involved in research activities not
connected to the topic of the thesis. They have been reported in:
1. M.Woin´ska, K. Z. Milowska, J. A. Majewski, Electronic structure of graphe-
ne functionalized with boron and nitrogen, Physica Status Solidi C 10(7-8),
1167-1171 (2013).
2. M. Woin´ska, K. Z. Milowska, J. A. Majewski, Ab initio modeling of
graphene functionalized with boron and nitrogen, Acta Physica Polonica
A 122, 1087-1089 (2012).
3. M. Woin´ska, K. Z. Milowska, J. A. Majewski, Ab initio modeling of grapheme
functionalized with boron and nitrogen, accepted in AIP Conference Pro-
ceedings, 31st International Conference on the Physics of Semiconductors
2012, Zurich, Switzerland, 29.07-03.08.2012 - accepted.
4. K. Z. Milowska, M. Woin´ska, M. Wierzbowska, Contrasting elastic proper-
ties of heavily B- and N-doped graphene, with random distributions includ-
ing aggregates, arXiv:1304.2438 (2013), under review in J. Phys. Chem.
C.
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5. K. Z. Milowska, M. Wierzbowska, Hole sp3-character and delocalization in
(Ga,Mn)As, arXiv:1302.5282 (2013), under review in Phys. Lett. A.
6. 42th ’Jaszowiec’ International School and Conference on the Physics Semi-
conductors, Wisla, Poland, 21-28.06.2013, poster: K. Z. Milowska, M.
Wierzbowska Hole sp3-character and delocalization in (Ga,Mn)As.
7. E-MRS 2012 Fall Meeting, Warszawa, 16-21.09.2012, poster: M. Woin´ska,
K. Milowska, J. A. Majewski Electronic structure of graphene functionalized
with boron and nitrogen.
8. 31st International Conference on the Physics of Semiconductors 2012, Zurich,
Switzerland, 29.07-03.08.2012, poster: M. Woin´ska, K. Z. Milowska, J. A.
Majewski Ab initio Modeling of Graphene Functionalized with Boron and
Nitrogen.
9. 41th ’Jaszowiec’ International School and Conference on the Physics Semi-
conductors, Krynica-Zdro´j, Poland, 08 -15.06.2012 - poster: M. Woin´ska,
K. Z. Milowska, J. A. Majewski Ab initio modeling of graphene functional-
ized with boron and nitrogen.
10. 40th ’Jaszowiec’ International School and Conference on the Physics of
Semiconductors, Krynica-Zdro´j Poland, 25.06-01.07. 2011, contributed
talk: M. Birowska, C. S´liwa, K. Z. Milowska, J. A. Majewski. T. Dietl
Origin of uniaxial magnetic anisotropy in (Ga,Mn)As.
11. 56th Conference on Magnetism and Magnetic Materials, 30.10-03.11.2011,
Scottsdale, Arizona, USA, contributed talk: M. Birowska, C. S´liwa, K.
Milowska, J. A. Majewski. T. DietlOrigin of the uniaxial magnetic anisotro-
py in (Ga,Mn)As.
12. E-MRS 2010 Fall Meeting, Warszawa, Poland, 13-16.09.2010 contributed
talk: M. Birowska, C. S´liwa, K. Milowska, J. A. Majewski. T. Dietl Search
for the origin of the uniaxial magnetic anisotropy in (Ga,Mn)As.
13. 39th ’Jaszowiec’ International School and Conference on the Physics of
Semiconductors, Krynica-Zdro´j Poland, 19-24.06. 2010 2 posters: M.
Birowska, K. Z. Milowska, J. A. Majewski Search of origin of uniaxial mag-
netic anisotropy in (Ga,Mn)As, M. Bajda, M. Birowska, A. Korbecka, M.
Lopuszan´ski, K. Milowska, J. Plaziak, N. Gonzales-Szwacki, J. A. Majewski
Theoretical calculations of cohesive and electronic properties of GaAsInP
quaternary alloys.
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2 Theory and Methods
2.1 Density Functional Theory
The results presented in this thesis are based on the ab initio calculations
in the framework of the Kohn-Sham realization of the density functional
theory (DFT) [22, 23], which is nowadays an effective tool in the field
of condensed matter physics. This theory regards the total energy of a
system of interacting electrons in an external potential as a functional of
one-particle density. This type of methodology has a relative low computa-
tional cost, since the description of quantum system is based on functionals
of electronic density, instead of many-particle wave functions. This avoids
the problem of solving complicated Schro¨dinger equation that such many-
particle wavefunction-based calculation encounters. The Density Functional
Theory and its Kohn-Sham realization have been described in many books
and review articles [24, 25, 26, 27, 28, 29]. Here, we would like only to
introduce main ideas and equations that could facilitate an introduction of
specific implementation in the numerical code employed for the materials
studies performed in this thesis.
In the Kohn-Sham realization of DFT, the total energy of the system of
electrons in an external potential, can be described as:
E[ρ] = T [ρ] + V ee[ρ] + V xc[ρ] + V ext[ρ], (2.1.1)
where T [ρ] is the kinetic energy of non-interacting particles of density ρ
in a system, V ee[ρ] is a interelectronic repulsion, V ext[ρ] is the external
potential coming from the nuclei, and V xc[ρ] is the exchange and correla-
tion potential including all many-body contributions to the total energy.
However, the final form of V xc[ρ] is unknown and must be estimated or ap-
proximated. The simplest approximation is the local density approximation
(LDA), which is based on the well-known exchange-correlation energy of the
uniform electron gas assuming that the charge density varies slowly on an
atomic scale. The next step in improving description of non-homogeneous
electron gas, by accounting for the density of the neighbouring pieces of
volume, is general gradient approximation (GGA), which exists in many
versions of functional. This approximation generally improves the accuracy
of obtained results, slightly increasing the computational burden.
2.1.1 Kohn-Sham Pesudopotential Method
The Kohn and Sham idea of introducing a reference system of N non-
interacting electrons and N one particle states was a significant progress.
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2.1 Density Functional Theory 9
The many body problem is reduced to problem of independent particles.
The density of reference system ρs is chosen to be equal to density of ground
states of considered system ρo:
ρS(r) =
N∑
i
|ψi(r)|2 = ρo(r). (2.1.2)
Summation for periodic systems include summing over the occupied bands
n and Brillouin Zone (BZ) vectors, k.
The Hamiltonian of non-interacting electrons placed in effective poten-
tial can be described as:
HˆS = −1
2
N∑
i
∇2i +
N∑
i
Vs(ri). (2.1.3)
The wavefunction of the reference system is defined as Slater’s determinant.
The kinetic energy is equal to:
TS = −1
2
N∑
i
〈
ψi|∇2| ψi〉 . (2.1.4)
However, this kinetic energy is only a kinetic energy of non-interacting
system. The real kinetic energy, T [ρ], is given by TS[ρ] + (T [ρ] − TS[ρ]),
whereas real electron-electron interaction, Vee[ρ], is described in similar way:
EH [ρ]+(V ee[ρ]−EH [ρ]). Therefore the difference can be described through
small correction which should be add to functional of energy:
F [ρ] = TS[ρ] + E
H [ρ] + Exc[ρ], (2.1.5)
where Exc[ρ] is defined by:
Exc[ρ] = T [ρ]− TS[ρ] + V ee[ρ]− EH [ρ]. (2.1.6)
This last term, the exchange-correlation energy, consists of everything which
one has problem with describing in explicite way, such as non-classical effects
of exchange and correlation.
Therefore, the one-particle Kohn-Sham equations can be written in the
following form: [
−1
2
∇2i + V KS(ri)
]
ψi = εiψi, (2.1.7)
where εi is Kohn-Sham energy and effective one-electron potential can be
defined as:
V KS(r) = V ext(r) + V H(r) + V xc(r), (2.1.8)
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V xc = δE
xc[ρ(r)]
δρ(r)
and V H = δE
H [ρ(r)]
δρ(r)
are exchange-correlation and Hartree
potentials, respectively.
The total energy of self-consistency is given by:
Eo =
N∑
i
εi − EH [ρ] + Exc[ρ]−
∫
V xc(r)ρ(r)dr. (2.1.9)
The energy can be found in a self-consistent cycle of calculation, which starts
with setting up the the system, generating the effective potential as the sum
of the atomic potentials, then solving the Kohn-Sham equations. The self-
consistent cycle is stopped, when differences in the density (or Kohn-Sham
potential) in two consecutive iterations are smaller than required number
[30]. In other words, the procedure is finished when convergence criteria
are fulfiled, for example, when the change in the trace of density matrix is
smaller than given value.
Electrons, which are present in the system can be divided in two groups:
valence electrons and inner core electrons. Only the first ones play impor-
tant role in the chemical binding of atoms. The other ones are inert, just
partially screening the nucleus and usually neglected. For describing effec-
tive interactions felt by valence electrons, the concept of pseudopotential is
introduced.
2.2 The Practical Implementation
The calculations presented in this thesis have been performed using the
SIESTA [31, 32] numerical package. This package employs pseudopotential
theory to account for interaction of the valence electrons with ionic cores.
This interaction is described in the form of the norm-conserving non-local
pseudopotentials [33] that are cast in a separable Kleinman-Bylander form
[34]. The Kohn-Sham orbitals are expanded into a linear combination of
the numerical localized atomic pseudo-orbitals obtained as a byproduct of
the pseudopotential generation.
2.2.1 Basis Set
Solving one-particle Kohn-Sham equations (Eq. 2.1.7) is equivalent to find-
ing the eigenvalues and eigenvectors of the Kohn-Sham Hamiltonian. These
eigenvectors can be expanded in terms of functions of known properties.
Therefore, the wavefunction ψi can be represented by different basis func-
tions, for example as a linear combination of an orthonormal basis set:
|ψi〉 =
∑
μ
ciμ |φμ〉 . (2.2.1)
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2.2 The Practical Implementation 11
There are three main approaches concerning the type of basis functions
employed: (i) atomic sphere methods, (ii) plane waves and grids, and (iii)
localized basis sets [25, 30, 32]. The last ones are in general very efficient,
since the number of basis functions per atom is very small, reducing the
computational cost and and simultaneously achieving reasonable accuracy.
The very important advantage is also the straightforward physical inter-
pretation of many properties, since the basis sets are based on atomic like
functions. However, in comparison to plane waves methods, localized basis
set shows systematic lack of convergence and good initial guess is quite im-
portant for an accurate treatment of the basis sets. In particular, SIESTA
code uses linear combination of atomic orbitals, which are products of a
numerical radial function and a spherical harmonic. In this code, the stan-
dard ’split-valence’ method is implemented. The first-ζ basis orbitals are
’contracted’ linear combinations of Gaussians, determined either variation-
ally or by fitting numerical atomic eigenfunctions. It is possible to use more
than one radial function within the same angular momentum (multiple-ζ),
as well as add shells of different atomic symmetry (polarization orbitals) to
improve the quality of calculations, i.e. to take into account the deforma-
tion induced by forming of bond. User can also set different cut-off radius
for each radial function [35].
2.2.2 Pseudopotential
Pseudopotentials constitute a very convenient way to take care of core elec-
trons and get smooth expansion of a the pseudo-charge density describ-
ing the valence electrons on a uniform spatial grid. Pseudopotentials used
in SIESTA package are norm conserving [36]. The pseudopotential is de-
composed into a short-range nonlocal term and a long-range local term.
The local part of pseudopotential, Vlocal(r), the only part that needs to
be represented in real space grid, is in principle arbitrary and must fit to
semilocal potential outside the core radius [32]. The atomic norm con-
serving Troullier-Martins nonlocal pseudopotentials, [36] are cast into the
Kleinman-Bylander separable form [34]:
Vˆ PS = V local(r) + Vˆ KB,
Vˆ KB =
lKBmax∑
l=0
l∑
m=−l
NKBl∑
n=1
∣∣χKBlmn〉vKBln 〈χKBlmn∣∣ ,
vKBln = 〈ϕln |δVl(r)| ϕln〉 ,
(2.2.2)
where angular momentum is labelled by l, r = |r|, r = r/r, δVl(r) = Vl(r)−
V local(r), and χKBlmn(r) = χ
KB
ln Yln(rˆ) are KB projection functions (Yln(rˆ) are
spherical harmonics). Functions ϕln are obtained from eigenstates ψln of
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12 2 Theory and Methods
the semilocal pseudopotential1 at energy εln by orthogonalization scheme.
The lKBmax, used in SIESTA code, is usually one unit larger than lmax because
nonlocal part is a relatively ’cheap operator’ and accurately calculated by
two-centre integrals.
2.2.3 Total Energy and Density Matrix
From the solution of eigenvalue problem, the electron density can be write
as:
ρ(r) =
∑
i
wi|ψi(r)|2, (2.2.3)
where wi are occupation numbers of the states ψi. Hence, the density matrix
can be found ( using expansion from Eq. 2.2.1) as:
ρμν =
∑
i
wiciμciν . (2.2.4)
Since the method is aimed at periodic systems, the electron density can
be defined as:
ρ(r) =
∑
n
∫
BZ
wn(k)|ψn(k, r)|2dk, (2.2.5)
where the sum is over all occupied bands, ψi(k, r) is expanded into Bloch
states and is normalized to unit cell. Similarly, the density matrix is rewrit-
ten as:
ρμν =
∑
n
∫
BZ
cμn(k)wn(k)ciν(k)e
ik(Rν−Rμ)dk. (2.2.6)
Therefore, to calculate the density in each grid point in unit cell, the
Eq. 2.2.5 should be sum over all non-zero pairs of orbitals in the super-
cell. The supercell is an artificially periodic construction, which contain all
the atoms with non-zero basis orbitals at any of the grid points of the unit
cell, or which overlap with any of the basis orbitals in it.
It is important to notice that the KohnSham functional is well defined
for any set of orthonormal ψi, therefore, is well defined also outside the
’BornOppenheimer surface’. The total energy in the approach employed in
SIESTA code relies heavily on the shape of the basis functions and can then
be written as [31, 32, 35]:
Etot =
∑
μν
ρμνHμν − 12
∫
V H(r)ρ(r)d3r+
+
∫
(εxc(r)− V xc(r))ρ(r)d3r + 1
2
∑
ij
e2ZiZj
|Ri−Rj | ,
(2.2.7)
1a different radial potential Vl(r) for each angular momentum l; optionally generated
scalar-relativistically
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2.2 The Practical Implementation 13
where Zi(j) are the valence pseudoatom charges, V
H(r) is Hartree poten-
tial determined through Poisson’s equation, and εxc(r) is the exchange-
correlation energy density. Note that from now on the indices i and j
indicate the atomic positions. The last term can be rewritten into:
1
2
∑
ij
e2ZiZj
|Ri −Rj| =
1
2
∑
ij
∫
V locali (r)ρ
local
j (r)d
3r −
∑
i
U locali , (2.2.8)
where:
U locali =
∫
V locali (r)ρ
local
j (r)4πr
2dr, (2.2.9)
assuming that core radii of the local pseudopotential charge density do not
overlap. The purpose of adding and subtracting the electrostatic energy
of the neutral atom is possibility to avoid the problems related with the
long-range character of the ionic core interactions.
Therefore, the total energy of the system can be reformulated in follow-
ing way:
Etot =
∑
μν
ρμν(Tμν + V
NL
μν ) +
1
2
∑
ij
∫
V NAi (r)ρ
NA
j (r)d
3r −∑
i
U locali +
+
∫
V NAi (r)δρ(r)d
3r + 1
2
∫
δV H(r)δρ(r)d3r +
∫
εxc(r)ρ(r)d3r
(2.2.10)
where ρNA = ρlocal + ρatom. The local pseudopotential charge density ρlocal,
which produces an electrostatic potential equal to V local is defined as:
ρlocal = − 1
4πe
∇2V locali . (2.2.11)
The ρatom is sum of atom electron densities constructed by populating the
basis functions with appropriate valence atomic charges, is used to eliminate
long-range V local.
The first two terms in Eq. 2.2.10 can be calculated using two-centre
integrals, whereas last three terms using the real space grid.
2.2.4 Real Space and Brillouin Zone Sampling
The total Hamiltonian can be rewritten in the following form:
Hˆ = Tˆ +
∑
i
Vˆ KBI +
∑
i
V NAi (r) + δV
H(r) + V xc(r), (2.2.12)
where i is an atom index, Tˆ kinetic term, V NA(r) = V ion(r) + V H [ρi(r)],
V H(r), V xc(r) are the neutral atom potential, the total Hartree potential
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14 2 Theory and Methods
and the exchange-correlation potential, respectively, and δV H(r) is defined
as: δV H(r) = V H [ρSCF (r)]−V H [ρi(r)] (SCF means self-consistency cycle).
In this equation, the matrix elements of the two first terms are calculated
in reciprocal space, while the remaining terms are calculated in 3D real
space grid. The fineness of real-space grid is specified by energy cutoff called
’MeshCutoff’, whereas ’kgrid cutoff’ is used for Brillouin zone sampling. All
periodic plane waves with kinetic energy lower than
Ecutoff =

2k2c
2me
, (2.2.13)
where k2c = π/Δx, Δx is grid interval; can be represented in the grid without
aliasing. The egg-box effect on the total energy, reasoning from the fact
that the density and potential do have plane wave components above the
’MeshCutoff’ can be minimized by proper constituting this cut off or with
other available parameters [32].
2.2.5 Spin-polarized System
In the case of spin polarized system, there are two sets of values for ψn(k, r),
ρμν , ρ(r), V
xc(r) and Hμν for spin up (↑) and spin down (↓). Therefore,
in SIESTA code, the grid calculations are repeated twice independently,
except for V xc(r), where are combined through ρ(r) = ρ(r)↑ + ρ(r)↓, and
magnetisation (or spin polarization) m(r) = ρ(r)↑ − ρ(r)↓.
2.2.6 Atomic Forces and Stress Tensor
The Hamiltonian can be described in terms of distance to atom i and cal-
culated at desired grid points. Both, the atomic forces and components of
the stress tensor, are obtained by direct differentiation of Kohn-Sham total
energy augmented by the Madelung energy, i.e., the electrostatic energy of
positively charged ions, (EKS + EMAD) with respect to atomic positions.
The atomic forces, which are necessary for geometrical optimizations
and in molecular dynamics cycles, are calculated using a variation of the
Hellman-Feynman theorem including Pulay-like corrections to take into ac-
count incompleteness of the basis set. The force on atom i is defined as:
Fi = −
∑
μν
ρμν
∂H0μν
∂ Ri
+
∑
μν
εμν
∂Sμν
∂ Ri
− ∂Uii−ee
∂ Ri
+2
∑
μ
ρμ
〈
∂φμ
∂ Ri
∣∣δV H∣∣φμ〉− 2∑
μν
ρμν
〈
∂φμ
∂ Ri
∣∣δV H + V xc∣∣φν〉 , (2.2.14)
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2.3 Transport Calculation 15
where H0 = p2/2m+ V NL + V NA, S is overlap integral, and
Uii−ee =
1
2
∑
ij
e2ZiZj
|Ri −Rj| −
1
2
∫
δV H(r)δρ(r)d3r. (2.2.15)
The stress tensor is the positive derivative of the total energy with re-
spect to the strain tensor and can be calculated simultaneously with the
forces employing rather complicated procedure described in Ref. [31, 32].
In deformed crystal, lattice vectors and vectors indicating atomic positions
change, whereas the shapes of the basis functions, KB projectors, atomic
densities, and potentials do not change.
2.3 Transport Calculation
The transport properties have been studied by the non-equilibrium Green’s
function (NEGF) technique, within the Keldysh formalism, a rather stan-
dard procedure for treatment of coherent transport [37]. This procedure has
been implemented in tranSIESTA numerical package [38], which is nowa-
days part of SIESTA code.
Typical systems studied in this thesis consist of three parts, two semi-
infinite electrodes, left (L) and right (R), which are coupled only via a
central region (C). In regions L and R Hamiltonian is assumed to be con-
verged to the bulk values with the density matrix, whereas in C, C-L, and
C-R parts of Hamiltonian, as well as, density and overlap matrices differ
from bulk values. Hamiltonian can be split into two parts:
Hˆ = Hˆo + Vˆ , (2.3.1)
assuming that perturbation V is small. The distribution of electrons can
be described through L-C-R finite part of density matrix as follows:⎛
⎝ HˆL + ΣˆL VˆL 0Vˆ †L HˆC VˆR
0 Vˆ †R HˆR + ΣˆR
⎞
⎠ , (2.3.2)
where HˆL, HˆC , HˆR are the Hamiltonian matrices in the L, C, and R re-
gion, respectively. VR(VL) is interaction between L(R) and C part of the
system. ΣˆL(ΣˆR) is self-energy, which describes coupling of L(R) part to the
remaining part of electrodes. The Hamiltonian matrices and self-energies of
L and R regions are determined from two separate calculations for the bulk
systems with periodic boundary conditions in zˆ axis (along L-C-R system).
The other parts are determined through self-consistent procedure.
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16 2 Theory and Methods
The unperturbed Green’s function at energy E is defined as:
Gˆo(ε) = (ε− Hˆo)−1, (2.3.3)
where the Hamiltonian Ho is taken from DFT calculation. It can be easily
shown that Green’s function, Gˆ, fulfils Dyson’s equation:
Gˆ(ε) = Gˆo(ε) + Gˆo(ε)Vˆ (ε)Gˆ(ε). (2.3.4)
The self-energy can be identified as:
ΣˆL(ε) =
[
Vˆ GˆrL(ε)Vˆ
†
]
,
ΓˆL(z) = i
[
ΣˆL(ε)− Σˆ†L(ε)
]
/2,
(2.3.5)
where GˆrL(ε) is unperturbed retarded Green’s function of the left region.
Hence, spectral density is equal to:
ρLμν(ε) =
1
π
[
Gˆ(ε)ΓˆL(ε)Gˆ
†(ε)
]
μν
. (2.3.6)
In the equilibrium, density matrix can be defined as follows:
Dˆ = − 1
π
Im
⎡
⎣ ∞∫
−∞
Gˆ(ε+ iδ)nF (ε− μ)dε
⎤
⎦ . (2.3.7)
However, instead of calculating density matrix in this way, in tranSIESTA
code, is calculated numerically the contour in the complex plane for a given
temperature by choosing the number of Fermi poles. The closed contour
begins with the line segment L, then there is C circle segment and runs
along the real axis from (EB + iδ)to (∞ + iδ). This contour enclosed the
localized states, which arise when the atom from C region has energy levels
below the bandwidth of the leads.
In non-equilibrium situation, density matrix has to be split into two
parts:
Dˆμν = Dˆ
L
μν +Δ
R
μν = Dˆ
R
μν +Δ
L
μν , (2.3.8)
where:
Dˆ
L(R)
μν = − 1π Im
[ ∞∫
EB
Gˆ(ε+ iδ)nF (ε− μL(R))dε
]
,
Δ
R(L)
μν =
∞∫
−∞
ρ
R(L)
μν (ε)[nF (ε− μR(L))− nF (ε− μL(R))]dε.
(2.3.9)
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2.3 Transport Calculation 17
The bias voltage is defined as a difference of chemical potentials μL and
μR in the left and the right electrodes. For the given bias voltage Vb, the
Hartree potential, determined through Poisson’s equation in linear form,
can be written in the following form:
V H(r) = φ˜(r)− Vb
(
z
Lz
− 0.5
)
, (2.3.10)
where φ˜(r) is a periodic solution of the Poisson’s equation in the supercell.
The Hamiltonian matrix elements inside L-C-R region are unaffected by
discontinuity of Hartree potential and are not changed due to standard
SIESTA calculations, whereas outside this region should be replaced by
bulk values - simply shifted according to the applied Vb.
The explicite formulas for transmission, conductance, and current flow-
ing through contacts, are provided in Sec. 3.4.1.
For the convenience of reader the calculation details are listed in each sub-
section; i.e. the important information is repeated in Sec. 3.1 and Sec. 3.2.1.
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18 3 Carbon Nanotubes
3 Carbon Nanotubes
3.1 Structural Properties and Stability
Carbon nanotubes since their discovery in 1991 by Iijima [7], have become
flagship of the twenty-first century nanoscience, mainly owing to their re-
markable electrical, mechanical and thermal properties. Their extraordi-
nary chemical and thermal stability causes that the CNTs are considered
as very promising material for the whole plethora of applications [8, 1, 9].
One of the highly explored applications of CNTs are nanocomposite mate-
rials. Addition of CNT fibres to various softer materials, such as metallic
alloys, polymers, epoxy or caoutchouc, generally enhances their mechanical
strength, electrical and thermal conductivity, chemical stability, absorption
of electromagnetic field (for screening), field emission (for field emission dis-
plays), and diminishes friction on the composite’s surface [1, 9, 39, 40, 41].
The other intensively investigated field of application of CNTs is nano-
electronics, particularly the issue of employing CNTs in very efficient elec-
trical sensors of chemical and/or biological substances. It already is well
known that the sensors based on quantum wires (QWs) are more effective
than the standard field effect transistors (FETs) based on heterostructures,
owing to the greater surface to volume ratio. The electronic sensors based
on CNTs might exhibit even better performance than the traditional Si,
GaAs, or GaN semiconductors.
In recent years, significant progress in the applications of CNTs has
been achieved. However, there is one important issue that really hampers
the larger progress in the above mentioned areas of applications. Pristine
CNTs are not soluble in water or in organic solvents and have tendencies
to create bundles, mostly because of dangling π-bonds of the C atoms on
CNT surface, which could build strong covalent bonds among themselves.
This behaviour leads to non-homogeneous distribution of CNTs in the
composite’s matrix and to certain degree limits the usage of CNTs in nano-
composites on industrial scale. These problems can be solved by the chem-
ical functionalization [39, 42, 43, 44, 45, 46, 47, 48, 49] of CNTs, i.e., ad-
sorption of chemical substances on the surface, which should lead to ho-
mogeneous distribution of CNTs in a composite and additionally should
cause stronger bonding of the functionalized CNTs to the composite ma-
trix. It turns out that the CNTs could be successfully doped by many
various groups, fragments and radicals [39, 43, 44, 50, 51, 52, 53, 54].
The functionalization is also important in the context of CNT based sen-
sors. Larger biological systems, like proteins or DNA, do not bind directly
to the CNT wall and only functionalization of CNTs with small atomic
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3.1 Structural Properties and Stability 19
groups covalently bonded to CNTs promises to improve significantly inter-
molecular interactions and hydrophilicity and further to fabricate efficient
sensor devices [8, 55].
The efficient chemical functionalization is a prerequisite for a large class
of functional materials and devices employing CNTs. However, chemical
functionalization also leads to certain unwanted modifications in chemical
and physical properties of CNTs. Therefore, the experimental and theoret-
ical studies of functionalized CNTs are crucial for gaining understanding of
functionalization processes and can further facilitate the design of new effec-
tive materials and devices. The relevant problems include: (i) the stability
of functionalized structures, (ii) functionalization induced changes in geom-
etry of the systems, and (iii) critical density of functionalizing molecules
that can be adsorbed at the surface of the CNTs.
Therefore, we report results of our extensive theoretical studies on nom-
inally metallic and semiconducting single wall CNTs functionalized with
the most popular groups and fragments, -CHn (for n=2,3,4), -NHn (for
n=1,2,3,4), and -OH, -COOH, at various concentrations of functionalized
species. We investigate the stability of the functionalized systems and
changes in their morphology and electronic structure. Taking into account
very weak experimental knowledge of the systems, our studies could provide
a guide for further technological developments.
To our knowledge, the present work is the first theoretical study of the
CNT functionalization issue dealing simultaneously with such broad range
of functionalizing molecules and considered properties. However, we are
aware of the works providing results for very specific systems [42, 56, 45,
46, 47, 57, 58, 59, 60, 61, 62, 63, 64]. Even though some systems have been
studied previously, the authors have used very often different methodol-
ogy of their calculations and considered mostly only electronic structure of
functionalized CNTs. This thesis constitutes a global description within one
single theoretical approach. Therefore, for completeness, we have decided
to present also results for the earlier studied systems.
3.1.1 Calculation Details
As prototypes of the functionalized carbon nanotubes, we have studied sys-
tems consisting of three different types of nominally metallic and semicon-
ducting (9,0), (10,0), and (11,0) single wall carbon nanotubes with various
concentrations of -CHn (for n=2,3,4), -NHn (for n=1,2,3,4) fragments, and
-OH, -COOH groups chemisorbed at the side walls of CNTs. For hydrocar-
byl -CHn, the smallest molecule we consider is -CH2 (carbene), since there
are no experimental evidences that -CH can adsorb to the CNTs. Systemat-
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20 3 Carbon Nanotubes
ically increasing the number of adsorbed molecules, we are able: (i) to find
out the critical density of adsorbed molecules, (ii) to observe building of
functionalization caused defects and chemically not bound aggregates apart
from the CNT surface, and finally (iii) to determine how the properties of
the functionalized systems evolve with the density of the functionalizing
species.
Our studies of the functionalized systems are based on the ground state
total energy calculations, which do not include vibrational dynamical con-
tribution to the free energy. However, we have performed very careful search
through the configurational space to optimize the geometries of all function-
alized systems that guarantee the energetically most favourable configura-
tions. Comparing stability of various functionalized structures, we always
refer to the total energies of these configurations. We have followed conven-
tion of the other authors and measured the concentration of the adsorbates
as the number of attached molecules nA per doubled unit cell of pristine
CNTs, i.e., per number of carbon atoms in the doubled unit cell ncell equal
to 72, 80, and 88 carbon atoms for (9,0), (10,0), and (11,0) CNTs, respec-
tively. To facilitate comparison between different CNTs, we express also
the concentration of the adsorbed molecules as nA
ncell
100%.
In this thesis, we use adsorption energy and binding energy as the mea-
sure of the stability of the studied systems. The adsorption energy per
molecule has been calculated according to the formula
Eads/N =
1
N
(ECNT+groups − (ECNT +N · Egroup)) , (3.1.1)
where ECNT+groups is the total energy of the functionalized system, ECNT
the total energy of the pure CNT, N the number of adsorbed groups, and
Egroup the total energy of the free group (i.e., in the vacuum). This quantity
can be understood as an average energy required to bind a given group to
side surface of CNT. Negative adsorption energy means that the adsorption
of groups is energetically favourable and the functionalized system is stable.
Since we employ a method where Kohn-Sham orbitals are expanded into a
set of localized atomic orbitals, we have also calculated basis set superpo-
sition error (BSSE) that influences the magnitudes of adsorption energy.
We have followed typical procedure and computed counterpoise correction
[65, 66, 67] to adsorption energy according to the formula.
Ecc =
1
N
(ECNT+·ghost − ECNT + Eghost+groups −N · Egroup)) , (3.1.2)
where ECNT+ghost and Eghost+groups are Kohn-Sham energies of the function-
alized system but where the adsorbates or nanotube are replaced by their
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3.1 Structural Properties and Stability 21
ghosts [32], respectively. For these calculations, we fix the atoms at their
optimized positions. It turns out, that Ecc might reach up to 44% of Eads
for some adsorbed molecules, however, systematic check through studied
adsorbates at various concentrations clearly confirms that all functionalized
systems remain stable and the corrected values of the adsorption energies for
CNTs functionalized with various molecules follow the trends determined
by adsorption energies calculated according to the formula 3.1.1. This has
been illustrated in Fig. 3.1.3, where the adsorption energies calculated with
and without BSSE correction have been plotted for (9,0) CNT functional-
ized with amines for various concentration of adsorbates.
The binding energy per atom can be described as:
Ebind/Nα =
1
Nα
(
ECNT+groups −
Nα∑
α=1
Eatom,α
)
, (3.1.3)
where Nα is the number of atoms in the system, and Eatom,α is the total
atomic energy of the free atom of type α (C, N, O or H).
The total energies have been obtained from the ab initio calculations in
the framework of Kohn-Sham realization of the density functional theory
DFT [22, 23]. We have used the generalized gradient approximation (GGA)
in the form proposed by Perdew et al. [68] for the exchange correlation
density functional, as implemented in the numerical package SIESTA [31,
32]. Since very many of the studied systems contain odd number of electrons
in the unit cell, we have systematically used the spin-polarized version of
the code in this work. We use the self-consistency mixing rate of 0.1, the
convergence criterion for the density matrix of 105, maximum force tolerance
equal to 0.01 eV/A˚, Mesh Cut-off of 300 Ry, split double zeta basis set with
spin polarization, and 1x1x10 k-sampling in Monkhorst Pack scheme.
We have used supercell geometry to compute pristine and functional-
ized CNTs, with the periodicity along the symmetry axis of the pure CNTs.
Along the symmetry axis, we have chosen periodicity of the doubled natural
lattice constant resulting from the chiral numbers (m,n) (m = 9, 10, and
11, and n = 0, for the systems studied in this thesis). Then the supercells
of the pristine (9,0), (10,0), and (11,0) CNTs contain 72, 80, and 88 car-
bon atoms, respectively. To eliminate completely the spurious interaction
between neighbouring cells, the lateral separation (i.e., lateral lattice con-
stants in the direction perpendicular to the symmetry axis) has been set
to 30 A˚, which considerably exceeds doubled diameter of the CNTs, even
in the case with adsorbed molecules. For these pristine CNTs, we have
performed calculations to obtain the equilibrium geometry and the ground
state energy.
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22 3 Carbon Nanotubes
We have also checked how the size of the supercell and relative orien-
tation of adsorbed molecules influences the values of adsorption energies.
For single -NH2 molecule adsorbed to the (9,0) CNT, we have performed
calculations employing supercells equal to the doubled (with 72 C atoms),
fourfold (with 144 C atoms), and sixfold (with 216 C atoms) natural unit
cells and obtained adsorption energies equal to -0.11 Ry, -0.12 Ry, and -0.12
Ry, respectively. This clearly suggests that even in the case of the smallest
supercell the adsorbed molecule can be treated as completely isolated, i.e.,
not exhibiting a spurious interaction with its images in the neighbouring
cells. To check the influence of relative orientation of adsorbed molecules,
we placed two -OH molecules adsorbed to (9,0) CNT into the supercell with
four natural unit cells in such a way, that the two C-O bonds were paral-
lel, orthogonal, and anti-parallel to each other. The adsorption energies
are equal to -0.168, -0.168, and -0.174 Ry/molecule, respectively, and very
weakly depend on the relative orientation of the adsorbates.
Figure 3.1.1: Three classes of the sites where adsorbed molecules could be
attached to the surface of a CNT: class C - above carbon atoms (C1, C2 and
C3); class B - bridge position (B1 and B2); and class M - middle position
(M1 and M2).
Next, we have performed calculations of functionalized systems with
certain number of functionalizing molecules (corresponding to certain con-
centration) attached to the surface of the CNTs. To minimize interaction
between adsorbates, we have placed them as homogeneously and symmet-
rically as possible around the exterior surface of CNTs. As shown in Fig.
3.1.1, there are three classes of sites on CNT hexagon, indicated as C (C1,
C2, and C3), B (B1 & B2), and M (M1 & M2) (altogether seven non-
equivalent sites) where the functionalizing molecule can be attached to dan-
gling π-type carbon bond (or bonds) of the nanotube. We have considered
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3.1 Structural Properties and Stability 23
all these positions as a starting attachment point for adsorbed molecules
in the functionalized systems (placing the adsorbate in such a manner that
the distance between the CNT carbon atoms and the closest atom of the
adsorbed molecule was roughly 1.5 A˚), and next we have performed full op-
timization of the geometry (i.e., the relaxation of atoms around the starting
positions) to find out the most energetically stable atomic positions. It
turns out that in all cases studied the binding energy after optimization
differs by no more than 0.000572 Ry/atom.
We have also observed the different preferential attachment sites of
groups and radicals, namely, the former prefer C site, whereas the later
B sites. It is interesting that for none of the chemisorbed molecules the M
site is preferable. Similar observation was marked in Ref. [46]. We would like
to note that for pristine CNTs the C1 and C3 sites are equivalent because
of the symmetry. However, attached molecules typically do not exhibit the
symmetry of the CNT backbone. Therefore, the local optimized geometries
of adsorbed molecules to these three sites are not identical. This causes
that these three sites are energetically not equivalent when a molecule is
attached to them. For example, in the case of -OH molecule attached to
C1, C2, and C3 sites of the (9,0) CNTs, the energetically most favourable
site is the C2 one. The total energy of the system is by 0.001 eV and 0.13
eV higher in the case of the -OH molecule attached to the C3, and C1 sites,
respectively (the internal accuracy of the total energy calculations is better
than 0.0001 eV).
For higher concentrations and molecules with larger hydrogen content,
we have observed also during the geometry optimization process that the
fragments of molecules drift outside of the CNT surface. If these fragments
are further than 5 A˚ apart from the CNT, they essentially do not influence
the functionalized system. The details of the geometry of the functionalized
systems will be described in the next section.
The results presented in this section correspond to the equilibrium situa-
tion at 0 K. They will provide the optimized geometry of the functionalized
CNTs - it is basis for calculations of the electronic structure. However, for
many cases we have performed molecular dynamics studies confirming that
the functionalized structures remain stable for simulation time of 2 ps and
temperatures reaching 1400 K.
3.1.2 -NHn Fragments
Amines definitely constitute an important group of the CNTs functional-
izing molecules. Mostly owing to their high reactivity, when attached to a
CNT, they play an important role as an anchor of CNT to another material
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Figure 3.1.2: Binding energies of the functionalized CNTs for various -
NHn fragments as a function of their density, measured by the number
of adsorbates per 72 carbon atoms of a pure (9,0) CNT or the ratio of
adsorbates to the number of C atoms in the supercell (upper x-axis).
(as in polymer composites), and/or as sticking centre for other chemical
and biological substances (as in CNT based sensors) [44, 54, 53, 69]. More-
over, they induce the change of the hydrophobic nature of pristine CNTs to
hydrophilic in the amine functionalized ones, which enables CNTs solubil-
isation. Functionalization of CNTs with amines could be easily performed
using e.g. NH3 plasma treatment of CNTs [43] or substitution of fluori-
nated single-wall nanotubes (SWNTs) with diamines [53]. It is possible to
get even radicals, -NH, bonded to CNTs. Therefore, it is very interesting to
determine how the stability of amine functionalized CNTs depends on the
concentration of functionalizing -NHn molecules and whether a critical con-
centration exists. The main results of our theoretical studies are presented
in Figs. 3.1.2 and 3.1.3, where the binding energy and adsorption energy for
(9,0) CNT functionalized with amines are depicted as a function of -NHn
concentration, measured by the number of adsorbed -NHn molecules per 72
carbon atoms, i.e., doubled unit cell of pristine (9,0) CNT.
As can be seen in Fig. 3.1.2, the binding energies for all (9,0) CNT
functionalized with -NHn molecules (-NH, -NH2, NH3, and -NH4) and all
studied concentrations are negative. However, the binding energy generally
increases with the number of groups attached to the CNTs (Fig. 3.1.2),
which indicates that the binding becomes generally weaker with the in-
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creasing concentration of adsorbed molecules. This simply indicates that
the functionalization of CNT with -NHn molecules does not lead to the
disintegration of the system into free atoms, however, only the adsorption
energy as defined in Eq. 3.1.3 can show whether the -NHn molecules can
be chemisorbed to the CNT wall as a whole species. A glance on Fig. 3.1.3
shows that practically only -NH, -NH2 groups are reasonably strongly ad-
sorbed to the CNTs for all studied concentration of adsorbates, with -NH
groups being bound more strongly to CNTs than -NH2 ones (-NH radicals
exhibit & lower binding energy than -NH2 ones). The behaviour of NH3
and -NH4 groups is much more complicated and will be discussed later on.
We would like to stress that the described above picture of -NHn adsorp-
tion on the surface of nominally metallic (9,0) CNT remains valid for semi-
conducting (10,0) and (11,0) CNTs functionalized with -NHn molecules. As
some kind of illustration, we present the binding energy of (9,0), (10,0), and
(11,0) CNTs functionalized with -NH2 molecules at various concentrations
in Fig. 3.1.4, where only weak dependence of the binding energy on the
CNT type (or diameter) can be observed. Comparison of adsorption ener-
gies of all CNTs functionalized with -NH and -NH2 groups, reveals that the
most stable are (9,0) CNTs, then (10,0), and finally (11,0) CNTs. Doudou
in Ref. [57] shows the same behaviour for zigzag nanotubes functionalized
with one -NH2 group.
Our results clearly show that the functionalization of CNTs with -NH
and -NH2 molecules leads to strong chemisorption of the adsorbates. For
these systems, the adsorption energy per molecule remains nearly constant
as a function of adsorbates concentration (see Fig. 3.1.3), just indicating
that CNTs can be functionalized with high density of -NH and -NH2 ad-
sorbates, and we do not find critical density of -NH and -NH2 groups that
could be adsorbed on the surface of CNTs without causing destabilization of
CNTs. However, -NH2 groups induce small local distortions along the radial
direction on the tube sidewall (see Fig. 3.1.6a). These geometry changes are
usually described as the local sp3 rehybridization. Our calculations show
that the C-N and C-C bond length are close to the C-C typical distance
in the sp3-hybridized diamond (1.54 A˚) and significantly larger than the
C-C bond length in the perfect graphene sheet constituting the CNT sur-
face with sp2 hybridization (1.42 A˚), as shown in Fig. 3.1.6a. Those bond
lengths compare reasonably well with other theoretical works, [57, 42] which
give C-N bond length equal to 1.49 A˚.
The strong chemisorption of -NH2 species to CNT surface can be also
seen in Fig. 3.1.5, where the distribution of the valence charge is depicted.
One can clearly see areas of additional valence electronic charge in the mid-
dle of C-N and C-C bonds, and also some excess charge at N atom. These
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Figure 3.1.3: Adsorption energy per molecule for (9,0) CNTs functionalized
with -NHn fragments as a function of fragments’ concentration measured
as the number of molecules per double unit cell with 72 atoms. For higher
density of NH3 molecules (larger than two molecules per double unit cell),
the adsorption energy is positive, just indicating the lack of chemisorption
of these fragments to the surface of (9,0) CNT. To illustrate the role of the
BSSE correction, we have also plotted the values of the adsorption energies
calculated without BSSE correction. These are indicated by empty trian-
gles, squares, and circles for -NH3, -NH2, and -NH fragments, respectively.
Figure 3.1.4: The binding energy of (9,0), (10,0), and (11,0) CNTs function-
alized with -NH2 molecules as a function of the number of -NH2 groups per
72, 80, and 88 carbon atoms, respectively. Note that the given number of
adsorbed molecules constitutes the highest concentration of functionalizing
species in the (9,0) CNT and the lowest in the (11,0) CNT.
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3.1 Structural Properties and Stability 27
Figure 3.1.5: The difference of the valence pseudocharge density and the
superposition of the atomic valence pseudocharge densities for (9,0) CNT
functionalized with -NH2 group plotted in the plane perpendicular to the
symmetry axis (a) and parallel to the symmetry axis (b), together with the
ball-and-stick model of the functionalized system.
valence charge rearrangements have mostly local character and the pic-
ture does not change essentially with the growing density of the adsorbed
molecules.
Let us turn back to the description of CNTs functionalized with NH3 and
-NH4 molecules. The chemisorption of NH3 molecules is possible, strictly
speaking, only for two molecules per 72 carbon atoms. For larger number of
NH3 molecules, the adsorption energy is positive (see Fig. 3.1.3). The fact
that the covalent binding of NH3 molecules to CNT surface is not energeti-
cally preferable was demonstrated previously in Ref. [59] and Ref. [61] and
Ref. [70].
Concerning the influence of functionalization with NH3 and -NH4 on the
morphology of CNTs, we restrict ourselves to the statement that it is similar
to the case of functionalization with the -NH2, i.e., causing mostly local sp
3
rehybridization. The most interesting phenomena are observed for CNTs
functionalized with -NH4 molecules. We observe dissociation of -NH4 groups
into -NH2 molecules and H2 dimers in the surrounding of the CNT. More-
over, -NH2 molecules adsorb to the CNT’s surface, whereas H2 molecules
remain unbound (see Fig. 3.1.6). The adsorption energy calculated for this
case is negative (albeit less negative than in the case of functionalization
with -NH2 molecules); however, it has not been depicted in Fig. 3.1.3, since
we consider this situation as a special case of -NH2 functionalization and not
the nominal functionalization with -NH4 molecules. For higher concentra-
tion of -NH4 groups in the surrounding of (9,0) CNT (starting with around
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Figure 3.1.6: (a) (9,0) CNT homogeneously decorated by seven -NH2 groups
in unit cell. Big yellow spheres indicate carbon atoms, big blue spheres -
nitrogen atoms, and small blue spheres - hydrogen atoms. The distances
between the nearest atoms are also depicted (b) Morphology of (9,0) CNT
functionalized with seven -NH4 groups in supercell. Note that C atom from
hexagonal ring has been substituted in the hexagonal ring with N atom and
has been pushed to the interior of CNT. (c) Vertical and longitudinal views
of CNT decorated with nine -NH4 groups around the CNT. Note that CNT
is split into two parts in the place where groups where attached to it, and
that leads to creation of the capped nanotubes.
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3.1 Structural Properties and Stability 29
seven groups), we observe characteristic effects (see Fig. 3.1.6), such as
substitution of nitrogen atom into CNT’s carbon site and shifting of carbon
atom from the hexagonal ring to the inside of the nanotube (Fig. 3.1.6b),
or strong deformation of the CNT that leads to splitting it into two parts
and capping it simultaneously, as shown in Fig. 3.1.6c.
It has been previously reported that the substitution of nitrogen in zigzag
nanotube significantly increases the ionization energy of the tube and can
be connected with the electron emitting behaviour [71].
In summary of this section, we would like to point out that our calcula-
tions clearly demonstrate that metallic and semiconducting nanotubes can
be effectively functionalized with -NH and -NH2 molecules, leading to over-
all stable structures even for relatively high concentration of functionalizing
molecules. On the other hand, functionalization with NH3 leads to less sta-
ble structures, and functionalization with -NH4 causes large morphological
changes of the CNTs. Let us turn now to the studies of CNTs functionalized
with -CHn.
3.1.3 -CHn Fragments
Another very important class of molecules that are used for functionalization
of CNTs constitute -CHn groups. Here, we present results of our studies
for stability of metallic and semiconducting CNTs functionalized by -CH2
radicals, -CH3 groups, and CH4 molecules. We focus on the issue whether
there exist critical densities of -CHn adsorbates that can be chemisorbed
on the CNT surface. The CNTs have been doped by as many as possible
fragments.
Results of the calculations are presented in Figs. 3.1.7 and 3.1.8, where
the binding energy and adsorption energy for (9,0) CNT functionalized with
amines are depicted as a function of -CHn concentration, measured by the
number of adsorbed -CHn molecules per 72 carbon atoms, i.e., doubled unit
cell of pristine (9,0) CNT. The binding energy generally increases (i.e., the
bonding becomes weaker) with the number of -CHn groups attached to the
CNTs (Fig. 3.1.7). The binding energies per atom for -CHn functionalized
(9,0) CNT are very similar to the binding energies for the CNT function-
alized with amines (see Fig. 3.1.2). The stability of the functionalized sys-
tems is really determined by the adsorption energy depicted in Fig. 3.1.8.
It can be seen there that practically only -CH2 fragments are reasonably
strongly chemisorbed to the CNT surface, also at higher concentrations.
-CH3 groups bind rather weakly to considered CNTs, and only at moderate
densities. CH4 groups as such do not bind at all, but rather dissociates into
-CH2 molecule and H2 dimer; where -CH2 chemisorbs at the surface and
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Figure 3.1.7: Binding energies of the functionalized (9,0) CNTs for various
-CHn fragments as a function of their density, measured by the number
of adsorbates per 72 carbon atoms of a pure (9,0) CNT or the ratio of
adsorbates to the number of C atoms in the supercell (upper x-axis).
Figure 3.1.8: Adsorption energy per molecule for (9,0) CNTs functionalized
with -CH2 and -CH3 fragments.
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H2 remains unbound in the surrounding of CNTs (such behaviour has been
also observed for -NH4 molecules). Zhao [59] also showed that CH4 does not
covalently bind to surface of CNT. Therefore, we do not include the case of
CH4 groups into the figure 3.1.8.
Figure 3.1.9: Morphology of (9,0) CNT functionalized by various -CHn
fragments. Large yellow spheres indicate carbon atoms and small blue
ones indicate hydrogen atoms. (a) Geometry of CNT functionalized with
-CH2 fragments. Note defected structure of CNT. (b) Characteristic hep-
tagon/pentagon defects in -CH2 functionalized CNT. (c) CNT functional-
ized with CH4 molecules, which dissociate into -CH2 and H2 dimer (d) CNT
functionalized with -CH3 group. Note rehybridization from sp
2, (graphene)
to sp3 (diamond). Length of C-C bond is in A˚.
The energetics of the CNTs functionalized with -CHn is mirrored in the
observed geometry of the functionalized systems, as depicted in Fig. 3.1.9.
CH2 molecules, which are strongly bound to the (9,0) CNTs, simultane-
ously cause strong deformation of the CNT hexagons (see Fig. 3.1.9a) and
in some cases introduce characteristic so-called pentagon/heptagon (5/7)
defects (see Fig. 3.1.9b). The same effect was reported for the plastic yield-
ing of CNTs [1]. On the other hand, weakly bound -CH3 molecules have
C-C bond lengths of the order of 1.56 A˚(Fig. 3.1.9d). -CH3 groups induce
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also local distortions along the radial direction on the tube sidewall. It can
be understood by the local sp3 rehybridization of the C(from CNT)-C(from
group) bonding. Distance between C(CNT)-C(group) bond and C-C bond
in hexagonal ring in CNT, are close to the C-C typical distance in the sp3-
hybridized diamond (1.54 A˚) and significantly larger than the C-C bond
length in the perfect graphene sheet with sp2 hybridization (1.42 A˚). Sim-
ilar results of bond lengths, for armchair CNTs functionalized with -CH2
and -CH3, were reported in Ref. [45].
Figure 3.1.10: Binding energy of nominally metallic (9,0), and semiconduct-
ing (10,0), and (11,0) CNTs functionalized with -CH2 as a function of the
number of adsorbates per 72, 80, and 88 carbon atoms, respectively.
Like in the case of -NH4, the most complex phenomena occur in the case
of functionalization with CH4 molecules. In addition to the previously de-
scribed dissociation of the CH4 into -CH2 an H2 molecules (see Fig. 3.1.9c),
we have observed also dissociation of CH4 into weakly bound -CH3 molecule
and free hydrogen atom. It indicates the existence of local minima in the
configurational space. We have checked it by beginning geometry optimiza-
tion from various starting positions. However, we have not observed decom-
position of CH4 molecule into -CH radical and three hydrogens, reported
previously [45]. All these chemical reactions of dissociation are obviously
catalysed by the CNT surface. When we place originally CH4 molecules at
distances larger than 2 A˚, they do not react with the nanotube surface and
do not dissociate.
Similarly to the case of amines, we have also analysed the stability and
morphology of semiconducting (10,0) and (11,0) CNTs functionalized with -
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CHn. The binding energy the functionalized semiconducting CNTs is similar
to the metallic (9,0) CNT functionalized with -CHn as described above. For
an illustration, we have plotted the binding energy of (9,0), (10,0) and (11,0)
CNTs functionalized with -CH2 at various densities in Fig. 3.1.10. Since
(9,0), (10,0) and (11,0) CNTs have also different diameters, one can also
conclude that binding energy of -CHn functionalized CNTs, at least in this
range of diameters, is only weakly dependent on the curvature of CNTs.
Also the geometrical aspects of (10,0) and (11,0) CNT functionalization
with -CH3 and CH4 resemble strongly the case of metallic (9,0) CNT.
Before we summarize this subsection, we would like to relate our results
to other theoretical works. The calculated adsorption energy required to
bind -CH2 radical to side surface of (9,0) CNT is ca. -0.27 Ry (see Fig. 3.1.8
). This value nicely compares to other theoretical work [46] that gives -0.20
Ry. The difference in values results from differences in computational ap-
proaches and considered structures.2 In the case of -CH3 group, we get
adsorption energy equal to -0.12 Ry (Rosi in Ref. [46] reports the value of
-0.03 Ry) for attachment of one group to (9,0) CNT. Generally, CNT func-
tionalized with -CH2 radicals have more negative adsorption energy than
CNT with -CH3 groups. This trend, for armchair nanotubes, was noticed in
Ref. [45], however, in this thesis the calculations were performed for quite
different [(5,5) and (10,10)] CNTs functionalized with hydrocarbons.
In the summary of this subsection, we would like to stress that the
CNTs functionalized with -CH2 radical constitute stable, though very often
deformed systems and reasonable for many applications densities of adsor-
bates, which can be achieved.
3.1.4 -OH and -COOH Groups
In this subsection, we present results of CNT functionalized by -OH and
-COOH groups. Such systems can be easily synthesized [42, 56] and ex-
changed by other groups using standard chemical reactions allowing to at-
tach to CNTs more complex molecules like DNA. We have studied three
types of CNT functionalization as illustrated in Fig. 3.1.11: (i) only with
-OH groups (Fig. 3.1.11a), (ii) simultaneously with -OH and -COOH groups
(Fig. 3.1.11b), and (iii) with -COOH groups (Fig. 3.1.11c). Carboxylation of
CNTs is mostly performed by reagents that do not contain carbon atoms re-
sulting in major damage to the lateral surface of the nanotube, even shown
to lead to spontaneous degradation [73, 74, 72]. However, there are also
works - Ref. [58, 42, 75, 76], where -COOH groups are introduced to the
CNT without breaking bonds of a wall. This type of functionalization is less
2Rosi used finite (relatively small) CNTs and hybrid B3LYP functional.
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destructive, leads to smaller changes in structure of CNTs than procedure
with e.g. nitric acid, and in consequence, it will create stronger composite
materials. Therefore we have decided to treat -COOH groups as adducts.
We start presentation of results by demonstrating the dependence of the
binding and adsorption energies of (9,0) CNT functionalized in three ways
described above as a function of concentration of functionalizing molecules,
and depicted respectively in Figs. 3.1.12 and 3.1.13. As in the previous cases
of functionalization discussed so far, the binding energy increases (indicat-
ing weaker bonding) with the number of functionalizing molecules attached
to the surface of CNT, being for all concentration the lowest for systems
functionalized with -OH groups. The adsorption energy per molecule follows
the trend of the binding energy, being the lowest for the systems functional-
ized with -OH groups and the weakest for -COOH functionalizing molecules.
The value of adsorption energy for one -COOH group bound to (9,0) CNT
(-0.11 Ry, see Fig. 3.1.13) nicely agrees with other theoretical prediction
(-0.10 Ry) made by Zhao [58].
We have attached up to 18 -OH groups to the 72 atom double unit cell
of (9,0) CNT. However, we have found out that only 12 -OH groups can be
attached uniformly to the CNT. For higher concentrations, owing to steric
attraction between -OH groups, the formation of H2O molecules, which are
not bounded to the CNT surface, is observed. However, this process does
not destroy the structure of the CNT (see Fig. 3.1.11a). Functionalization
with higher concentrations of -OH groups causes also other effects, such as
tendency to form O-H net, and oxygen binding in bridge position to two
carbon π-bonds (see Fig. 3.1.11a). The calculated distances between O and
H atoms lie in the range from 1.17 A˚ to 1.33 A˚, and differ considerably from
the distance between O and H atoms in -OH group being equal to ca. 1 A˚.
We have observed local sp3 rehybridization of the C (from CNT) - C or
O (from group) bonds. C (from CNT) - C (from group) bond lengths are
dependent on number of -COOH groups attached to the CNT and vary from
1.55 A˚ to 1.58 A˚. For one carboxyl group attached to (9,0) CNT, we obtain
C-C bond length of 1.55 A˚, which excellently agrees with previous theoreti-
cal prediction of 1.54 A˚[58]. For the case of -OH groups, C-O bond lengths
are shorter and equal 1.45 A˚ independently of the number of adsorbates.
The physical pictures of functionalization with (i) -OH, (ii) -OH & -
COOH, and (iii) -COOH groups do not change when we consider semicon-
ducting (10,0) and (11,0) CNTs. We exemplify this by showing the binding
energy of (9,0), (10,0), and (11,0) CNTs functionalized with -OH molecules
as a function of its concentration in Fig. 3.1.14.
Our calculations demonstrate that the hydroxyl group are very promis-
ing functionalizing species leading to stable functionalized CNTs.
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Figure 3.1.11: CNTs functionalized by: (a) -OH groups, (b) -COOH and
-OH groups, and (c)-COOH groups. Big yellow spheres indicate carbon
atoms, big brown spheres oxygen atoms, and small blue spheres hydrogen
atoms. The panel (a) illustrates also formation of the O-H chains (within
bigger ellipse), the formation of the water molecules (small ellipse), and the
bonding of Oxygen atom in the bridge position (close to the small ellipse).
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Figure 3.1.12: Binding energy per atom of (9,0) CNT functionalized with
(i) -OH molecules (black dots), (ii) -COOH molecules (red squares), and
(iii) simultaneously with -COOH and -OH molecules (blue triangles) as a
function of number of attached groups or the ratio of adsorbates to the
number of C atoms in the supercell (upper x-axis).
Figure 3.1.13: Adsorption energy per molecule for (9,0) CNT functionalized
with (i) -OH molecules (black dots), (ii) -COOH molecules (red squares),
and (iii) simultaneously with -COOH and -OH molecules (blue triangles) as
a function of number of attached groups or the ratio of adsorbates to the
number of C atoms in the supercell (upper x-axis).
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Figure 3.1.14: Binding energy of (9,0), (10,0), and (11,0) CNTs function-
alized with -OH groups as a function of number of -OH adsorbates per 72,
80, and 88 carbon atoms, respectively.
3.1.5 Geometric Effects of CNT Functionalization
The functionalization of CNTs not only modifies locally morphology of the
functionalized system but also influences the longitudinal lattice constant l
(i.e., length) and radius r3 of the functionalized CNTs.
Longitudinal lattice constants and radii of the functionalized CNTs are
larger than pristine ones and change rather strongly with the number of
attached molecules. It is depicted for the (9,0) CNT in Figs. 3.1.15 and
3.1.16. For example, radius and lattice constant of pure (9,0) CNT equals
to 3.592 A˚ and 8.590 A˚, respectively. For (9,0) CNT functionalized with 9
-CH2 molecules per unit cell, the radius increases to 3.715 A˚(by 3.31%) and
the lattice constant reaches 8.726 A˚(increase by 1.58%).
The percentage change of radius for CNT functionalized with -CH3 is
0.92%, approximately 3.6 times smaller than for CNT functionalized with
-CH2. For the lattice constant the ratio of the percentage change for -CH3
(0.34%) to -CH2 is even bigger and equals to 4.6. Generally, one can say
that functionalization of (9,0) CNT acts as an effective tensile strain, which
extends pristine CNT. The effect is more enhanced for molecules that built
strong covalent bonds to the CNT walls and also cause stronger deformation
of CNT backbone structure.
3An average radius r of the functionalized nanotubes has been calculated as geomet-
rical average of carbon atom positions on the CNT surface.
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Figure 3.1.15: The equilibrium lattice constant (l) along symmetry axis
of the functionalized nanotubes as a function of the number of covalently
bound fragments to the sidewall of (9,0) CNTs for -NH, -NH2, -CH2, -CH3,
-COOH, -OH, -OH and -COOH functionalizing molecules. Top axis gives
the concentrations of adsorbed molecules in %.
Figure 3.1.16: Radius of (9,0) CNT functionalized with -NH, -NH2 , -CH2,
-CH3, -COOH, -OH, -OH and -COOH fragments as a function of number
of covalently bound fragments to sidewall of the tube. Top axis gives the
concentrations of adsorbed molecules in %.
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Figure 3.1.17: Radius of (9,0), (10,0), and (11,0) CNTs functionalized with
-CH2 and -OH fragments as a function of the number of attached frag-
ments per supercell. Since (9,0), (10,0), and (11,0) CNTs contain different
number of atoms in the supercell, the percentage concentrations of the at-
tached fragments are also depicted above top axes of each panel for better
comparison.
The relative changes in the l and r parameters induced by functionaliza-
tion depend rather slowly on metallic - semiconducting character of CNTs
and their diameter. The radius of (9,0) CNTs functionalized with -NH,
-NH2 , -CH2, -CH3, -COOH, -OH, -OH and -COOH fragments is depicted
in Fig. 3.1.16. The -CH2 radicals bind strongly to the CNT surfaces and
at higher concentrations can lead to some local structural defects (so-called
5-7 defects). On the other hand, the functionalization with -OH groups
slightly changes the cross-section of CNT - from circle to ellipse. Therefore,
we have decided to compare (Fig. 3.1.17) both types of adsorbates for all
of the studied CNTs: (9,0), (10,0) and (11,0). We have noticed, for the
biggest considered concentration of 12.5%, that (9,0) CNT functionalized
with -CH2 shows the biggest percentage change ( 3.31%) of radius with
comparison to (10,0) (2.83%) and (11,0) (1.81%) CNT. The -OH groups
follow the similar trend, however, the functionalization induced changes of
the radius are weaker. The relative changes of the radius are 0.64%, 0.43%
and 0.39%, for (9,0), (10,0) and (11,0) CNT, respectively. Therefore, one
can say that the functionalization of the nanotubes with larger original ra-
dius has less influence on its structure than functionalization of CNTs with
smaller diameter.
These pronounced changes in the morphology of the functionalized CNTs,
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which we have observed, motivated us to study the global strength of the
functionalized CNTs expressed by the elastic moduli.
3.2 Mechanical Properties
3.2.1 Calculation Details
Since their discovery in 1991 [7], carbon nanotubes, have quickly become
ideal candidates for reinforcement in composite materials, mostly owing to
their unique characteristics, such as high stiffness, high aspect ratio and
low density. Such composites, synthesized by adding CNTs to various ma-
terials such as alloys, polymers, and metals, constitute the extraordinary
class of materials being very light and exhibiting simultaneously enhanced
mechanical strength, electrical and thermal conductivity, and chemical sta-
bility [8, 1]. However, the fabrication of such nanocomposites is hindered
by the fact that the pristine CNTs are not soluble in water or in organic
solvents and have tendencies to create bundles. The common remedy of
these problems is the functionalization of the CNTs, in particular covalent
functionalization with simple organic molecules (such as -CHn, -NHn frag-
ments, and -OH, -COOH groups). These molecules adsorbed at the surface
of CNTs allow for strong binding of the functionalized in such a way CNTs
with matrix material, typically a polymer or a metal [1, 77, 78, 79, 80, 81].
On the other hand, functionalization to the side walls of CNTs changes
their morphology, generates defects [62, 63, 64, 82, 83], and could decrease
the strength of the structure in comparison to the pristine CNTs. Therefore,
it is very important to investigate the elastic properties of the functionalized
CNTs. It is also meaningful having in mind broad area of CNT applications
in fields such as nanoelectronics4 or medicine. Generally, the elastic proper-
ties of the functionalized CNTs are rather poorly known, in contrast to the
pristine ones [8, 85, 86, 87, 88, 89, 90, 91, 92, 93, 94, 95, 96, 97]. To close
this gap, we have undertaken extensive and systematic ab initio studies of
elastic properties of the functionalized CNTs.
Having determined equilibrium geometry of the functionalized CNTs, we
are in the position to calculate their elastic moduli. To do so, we consider
three types of CNTs: nominally metallic (9,0), and semiconducting (10,0)
and (11,0). All of the CNTs have been covalently functionalized by attach-
ing to their lateral surface simple organic groups, such as -NH, -NH2, -CH2,
4Keeping in mind that the conductance of the CNTs can be significantly influenced
by the occurrence of buckling [84], its potential application as reversible elements in
nano-electromechanical systems (NEMS) by transforming between the buckled state and
normal state of the CNTs is quite important.
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-CH3, -OH, -COOH and both -COOH, -OH. We have examined those sys-
tems at various concentrations reaching up to 12.5% of adsorbed molecules.
We have strained (usually we have applied tensile strain) the functionalized
CNTs along the symmetry axis by Δl and calculate the response - stress
tensor components. This allows for extraction of the elastic moduli.
Figure 3.2.1: Exemplary structures of functionalized CNTs with simple,
-NH, -NH2, -CH2, -CH3, -COOH, -OH, and -OH together with -COOH,
organic fragments.
The total energies and components of stress tensor are obtained from
the ab initio calculations in the framework of the density functional theory
[22, 23] employing the following realization. We have used the generalized
gradient approximation (GGA) for the exchange-correlation density func-
tional [68] and supercell geometry within the numerical package SIESTA
[31, 32]. Since in many cases we have had to deal with system with odd
number of electrons, we have used spin-polarized version of the GGA func-
tional. A kinetic energy cut-off (parameter MeshCutoff in the SIESTA code)
of 300 Ry and split double zeta basis set with spin polarization have been
used in all calculations. Each supercell contains two primitive unit cells
along the CNT symmetry axis. The lateral separation (i.e., lateral lattice
constants in the direction perpendicular to the symmetry axis) has been
set to 30 A˚, just to eliminate completely the spurious interaction between
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neighbouring cells. We use the self-consistency mixing rate of 0.1, the con-
vergence criterion for the density matrix of 105, maximum force tolerance
equal to 0.01 eV/A˚, and 1x1x10 k-sampling in Monkhorst Pack scheme.
The most interesting quantity, Young’s modulus, has been determined
in two ways:
(i) - by comparing the total energy of unstrained (El) and strained
(El+Δl) systems
Y =
1
Vo
∂2Estrain
∂ε2ii
, Estrain = El+Δl − El, εii = Δl
l
, (3.2.1)
where l is a lattice constant along the axis of the functionalized tube, Δl
is elongation in the chosen direction, and Vo is volume of the unstressed
system;
and (ii) - from components (σii) of the stress tensor:
Y =
σii
εii
(3.2.2)
Volume of the pure CNT has been calculated using the following equation:
Vo = 2 · π · r · l · t, (3.2.3)
where thickness t has been chosen as double Van der Waals radius of C atom
(equal to 0.34 nm) [94, 87, 93, 86, 89, 98]. In the case of functionalized CNT,
we have neglected volume of the attached molecules.
Bulk modulus (Eq. 3.2.4) and shear modulus (Eq. 3.2.5) have also been
calculated according to the formulas:
K =
Y
3(1− 2ν) , (3.2.4)
G =
Y
2(1 + ν)
. (3.2.5)
We have also calculated the BBSE corrections to the elastic moduli.
These corrections modify the values of Young’s moduli by maximally 10%
and do not change the conclusion presented in this thesis.
At the end we can compute the Poisson’s ratio values as follows:
ν = −Δr
r
l
Δl
, (3.2.6)
where Δr describes the change of the average radius of the functionalized
CNT that has been caused by the applied strain Δl.
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3.2.2 Elastic Properties of Pure CNT
To compare our calculations to previous works and to get the point of
reference to functionalized case, we have analysed elastic properties of pure
(9,0), (10,0) and (11,0) CNTs.
Table 1: Elastic properties of (9,0), (10,0) and (11,0) CNTs.
Property (9,0) (10,0) (11,0)
Y [TPa] 1.02 1.03 1.02
K [TPa] 0.61 0.57 0.54
G [TPa] 0.41 0.43 0.43
ν 0.22 0.20 0.18
The calculated values of Young’s modulus (Y), shear modulus (G), bulk
modulus (K), and Poisson’s ratio (ν) for (9,0), (10,0) and (11,0) CNTs are
gathered in Tab.1. The calculated values of Young’s modulus for the pure
CNTs agree excellently with experimental findings (0.32 TPa - 1.80 TPa)
[8, 94, 96] and previous theoretical works (0.8 - 1.5 TPa) [8, 85, 86, 87, 88,
89, 90, 91, 92, 93, 99]. Calculated Poisson’s ratio values are identical to
the experimental ones and very close to theoretical predictions (0.19-0.34)
[8, 94, 95, 89, 93]. The theoretical and experimental values of the Shear
modulus and bulk modulus are 0.45 TPa-0.58 TPa [8, 86, 96, 94, 89, 95]
and 0.50 TPa - 0.78 TPa [8, 94], respectively.
We have also checked dependence of all the elastic properties for wider
range of zigzag CNTs. Only for small CNT, like (4,0) and (5,0), all the
values are smaller. For bigger CNT, up to (20,0), the values are very sim-
ilar to those shown in Tab.1. From (6,0) CNT all elastic moduli become
insensitive to diameter of CNT. This behaviour has been noted in other
studies for Young’s modulus [95, 89, 93, 86, 97, 94] and for shear modulus
[95, 86, 94].
3.2.3 Elastic Properties of Functionalized CNT
Let us now present theoretical predictions for elastic moduli of the function-
alized CNTs. We start the presentation of our results with Young’s mod-
ulus of (9,0) CNT functionalized with -NH, -NH2 , -CH2, -CH3, -COOH,
-OH, -OH and -COOH groups (Fig. 3.2.2). For all considered groups, the
Young’s modulus decreases with increasing density of the adsorbates. How-
ever, for the radicals, -CH2 and -NH, the trend is much more pronounced
than for other groups. For CNTs functionalized with 9 -CH2 (i.e., con-
centration of 12.5%), the Young’s modulus decreases by 28.41%, whereas
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Figure 3.2.2: The Young’s modulus of the (9,0) CNT functionalized with
-NH, -NH2, -CH2, -CH3, -COOH, -OH, -OH and -COOH fragments as a
function of the density of attached molecules, given as the number of at-
tached molecules per supercell (lower x-axis) or the ratio of adsorbates to
the number of C atoms in the supercell (upper x-axis). On the right axis we
have depicted percentage change of Young’s modulus relative to the pristine
CNT.
Figure 3.2.3: The Young’s modulus of (9,0), (10,0) and (11,0) CNT func-
tionalized with -OH, and -CH2 fragments as a function of density of attached
molecules (a) and percentage concentration (b). Young’s modulus is almost
independent of diameter of the tube.
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CNT with 9 functionalizing -CH3 groups exhibits reduction in the Young’s
modulus equal to 13.52%. It confirms the already described tendency that
the molecules with stronger binding to the CNT surface modify the proper-
ties of the functionalized CNTs in a stronger manner. Taking into account
that similar dependence for armchair CNTs functionalized with -COOH was
reported by Coto [76], this trend might be generalized for all SWCNTs.
To illustrate dependence of the Young’s modulus on diameter of the
tubes, we have chosen -OH groups and -CH2 fragments.
In Fig. 3.2.3 we have plotted the dependence of Young’s modulus for
(9,0), (10,0) and (11,0) CNTs functionalized with -OH and -CH2 molecules
on the density of adsorbates. It is seen that -OH groups represent behaviour
typical for non-radical adsorbates (which generally cause small deformation
of CNTs), and one observes practically no difference between tubes. Even
in the case of -CH2 radical (that cause typically rather large deformations
of CNTs), one can see only minor differences between the types of the
functionalized nanotubes.
Our calculations show, that Poisson’s ratio for structures functionalized
by all considered fragments always oscillates between values 0.17 and 0.24.
This quantity, for the studied range of the adsorbate concentrations, nei-
ther exhibits clear dependencies on the type of functionalizing molecules nor
allows for resolution between (9,0), (10,0), and (11,0) CNTs. However, pre-
viously Coto [76] observed the change of the Poisson’s ratio up to 50% with
increasing concentration of adsorbates in large diameter armchair CNTs.
We complete the discussion of the elastic moduli for functionalized CNTs
with the presentation of results for shear and bulk moduli - the magnitudes
that can be easily calculated from Young’s modulus and Poisson’s ratio
using formulas 3.2.5 and 3.2.4.
The shear modulus as a function of the concentration of attached mole-
cules is depicted in Fig. 3.2.4. Generally, the shear modulus drops in value
with the increasing density of the attached molecules. This decrease is
stronger for -CH2 radical than for non-radical groups such as -OH. For the
-COOH groups, and for concentrations of adsorbates smaller than 5.56%
(corresponding to 4 groups per unit cell) we can compare our values with
that obtained by Zheng [75] and observe excellent agreement. For the high-
est considered concentration of the -CH2 adsorbates the shear modulus is
smaller by roughly 25%, and even for the non-radical functionalizing groups
the decrease is of the order of 10%. Therefore, our studies do not corrob-
orate Franklad’s [100] suggestion that functionalization has practically no
influence on shear modulus5.
5less than 4.63%
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Figure 3.2.4: The shear modulus of (9,0) CNT functionalized with -NH, -
NH2, -CH2, -CH3, -COOH, -OH, -OH and -COOH fragments as a function of
the density of attached molecules, given as the number of attached molecules
per supercell (lower x-axis) or the ratio of adsorbates to the number of C
atoms in the supercell (upper x-axis). On the right axis we have depicted
the relative changes of shear modulus with respect to pristine CNT.
The last elastic modulus, which we have taken into consideration, is bulk
modulus. This modulus as function of number of attached molecules and
percentage concentration, likewise Young’s and shear moduli, is shown in
Fig. 3.2.5. The bulk modulus behaves similarly to other elastic moduli and
decreases with the growing concentration of functionalizing molecules, with
the strongest effect observed for functionalization with -CH2 radical. The
percentage reduction in bulk modulus for non-radical attachments is greater
than in shear and Young’s moduli.
Generally, our studies provide theoretical predictions for the elastic mod-
uli of the covalently functionalized CNTs. These moduli diminish with the
concentration of the functionalizing molecules. In the situation of the lack
of experimental data, the obtained values should facilitate the design and
understanding of the composite materials. First of all, the decrease of elas-
tic moduli is quite modest, particularly for non-radical -COOH, -OH, -NH2,
-CH3 groups. Therefore, the functionalized CNTs should still be good re-
inforcement in composites employing polymers or metals as matrices. On
the other hand, the functionalization of CNTs is necessary to bind CNTs
to polymer matrix and significantly improves homogeneous dispersion and
integration of CNTs into polymers, simultaneously reducing the tendency
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Figure 3.2.5: The bulk modulus of (9,0) CNT functionalized with -NH, -
NH2, -CH2, -CH3, -COOH, -OH, -OH and -COOH fragments as a function of
the density of attached molecules, given as the number of attached molecules
per supercell (lower x-axis) or the ratio of adsorbates to the number of C
atoms in the supercell (upper x-axis). On the right axis we have depicted
percentage change of the bulk modulus with respect to pristine CNT.
of pristine CNTs to re-agglomeration. This feature substantially enhances
elastic strength of polymer matrices with incorporated CNTs. This effect
has been confirmed in a series of experiments studying the Young’s modulus
of composites with amines [80, 51, 79], amides [78], and carboxylic groups
[79, 77]. All these previous studies are in agreement with our findings.
However, for CNT with hydroxyl groups dispersed into polymer matrix,
Wang [101] reported reduction in Young’s modulus in comparison to pure
matrix. Unfortunately, the issue of the elastic properties of composites is
out of scope of our atomistic approach, and would require a study based on
continuous methods.
3.3 Electronic Properties
The covalent functionalization of the CNTs can also lead to changes in
the electronic structure. There are very interesting issues: (i) to what
extent the band structure of the pristine CNT can be modified by func-
tionalization, and (ii) whether the functionalization procedure can induce a
transformation from metallic CNTs into semiconducting ones or vice versa.
This aspect of functionalization induced changes of metallic character of
CNTs can also have practical meaning. The main obstacle in nanoelectron-
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ics based on CNTs is their usage according to specific type of nanotubes.
Recently, it has been demonstrated that covalent functionalization can be
used as experimental method [52] to separate semiconducting from metallic
and semi-metallic (i.e., nominally, on the basis of the chiral numbers n and
m metallic, but in reality exhibiting very small energy gap) tubes with high
selectivity and scalability. Therefore, in this section, we have decided to
present shortly the most characteristic effects of CNT functionalization on
the electronic structure. The presented results reveal physical mechanisms
and provide valuable quantitative theoretical predictions.
3.3.1 Calculation Details
We have taken into consideration two types of CNTs - metallic (9,0) and
semiconducting (10,0) nanotubes pure and functionalized with the same
simple organic molecules as in previous sections: -NH, -NH2, -CH2, -CH3,
-COOH, and -OH groups.
Our studies are based on the ab initio calculations in the framework of
the Kohn-Sham realization of the density functional theory [22, 23]. We
have used the generalized gradient approximation (GGA) for the exchange
correlation density functional [68] and supercell geometry with periodic
boundary conditions employing the numerical package SIESTA [31, 32].
A split double zeta basis set with spin polarization has been used in all
calculations. The computations involving full geometry optimization have
been performed employing following parameters of the SIESTA package
that determine numerical accuracy of the results: the kinetic energy cut-off
(MeshCutoff) of 800 Ry, the convergence criterion for the density matrix
of 10−5, maximum force tolerance equal to 0.01 eV/A˚, the self-consistency
mixing rate of 0.1, and the Brillouin zone has been sampled in the 1x1x33
Mokhorst-Park scheme. For better imaging of density of states, the peak
width for broadening the energy eigenvalues has been set to 0.05 eV. For
CNTs, the lateral separation (i.e., lateral lattice constants in the direction
perpendicular to the symmetry axis) has been set to 30 A˚, the supercells
contain 72 and 80 carbon atoms for (9,0) and (10,0) CNTs, respectively. In
the case of functionalized CNTs, functionals have been added uniformly on
the lateral surface of the CNT.
The band structure and density of states (DOS) for functionalized sys-
tems are always related to the band structure and DOS for pristine nom-
inally metallic (or semi-metallic) (9,0) CNTs and semiconducting (10,0)
CNTs. These quantities are plotted in every figure, from Fig. 3.3.1 to
Fig. 3.3.8, as blue dashed lines.

“doktoratKM5˙b5˙marginesy” — 2013/8/8 — 22:50 — page 49 — #67






3.3 Electronic Properties 49
3.3.2 Changes of Metallic/Semiconductor Character of CNTs
In carbon nanotubes, an electron can propagate freely only in the direction
along the symmetry axis. In contrast to the flat graphene sheet only a tiny
subset of all the possible electron wavelengths, or quantum states is available
and it depends on the circumference of the nanotube, as well as on wrapping
type of the nanotube, i.e. on the (m,n) values. The classification as a metal
or semiconductor can be easily made for those one dimensional crystals.
When (n-m) is divisible by three the single-walled carbon nanotubes are of
metallic nature; otherwise they are semiconductors. The energy band gap
depends on a unique set of allowed valence and conducting states connected
with chirality of CNT and it is inverse proportional to the nanotube diam-
eter. Our calculations show that the energy band gaps for pure (9,0) and
(10,0) CNTs are equal 0.0346 eV and 0.7844 eV, respectively. Therefore,
(9,0) CNTs could be treated as metallic one, whereas (10,0) is a semicon-
ductor. These energy gap values and electronic structures agree very well
with previous theoretical and experimental works (0.02-0.08 eV for (9,0)
[102, 103, 104, 105] and 0.65-0.88 eV for (10,0) CNT [60, 57, 58, 59, 104]).
We start the presentation of the results for functionalized systems by
looking at the details of the band structure for the semi-metallic (9,0) nan-
otube functionalized with methyl (-CH3) group at various concentrations
(see Fig. 3.3.1). It is clearly seen that functionalizing molecules consider-
ably modify electronic structure of pure (9,0) CNT. The flat bands in the
energetic neighbourhood of the band gap of pure tube introduced by ad-
sorbate molecules constitute the most pronounced effect. The number of
functionalization induced energy bands is proportional to the concentration
of adsorbates. The Fermi level is set at zero energy and it is easily seen
that the functionalized systems remains semi-metallic for all concentration
of adsorbates. Since the system (9,0) CNT + methyl group has odd num-
ber of electrons, we observe spin-splitting in the electronic band structure.
The two ’impurity’ bands induced by -CH3 group in the band gap of pure
CNT (seen in Fig. 3.3.1a) belong to different spin populations. Here, we
would like to point out that we do not separate spin majority and spin
minority bands in presented plots with the band structure. In the case of
two -CH3 groups, one has even number of electrons. However, owing to the
slightly non-equivalent position of each -CH3 group on the surface of CNT
and some kind of interaction between them, there are four ’impurity’ bands
in the band gap region of pure (9,0) CNT.
One can analyse the chemical origin of the ’impurity’ bands by plotting
the projected density of states. For the system consisting of (9,0) CNT and
-CH3 group, the results of such analysis are depicted in Fig. 3.3.2b. As
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Figure 3.3.1: Electronic band structure along Γ → X line in the Brillouin
Zone and the total density of states for (9,0) CNT functionalized with (a)
one, (b) two, and (c) six methyl groups per 72 atom supercell (black solid
line). Blue dashed lines indicate the band energies and DOS for the pure
(9,0) CNT. The Fermi energy is set to zero. Note that for all concentrations
of adsorbates, the system remains metallic after functionalization.
Figure 3.3.2: Band structure for (9,0) CNT functionalized with one -CH3
molecule per 72 atom supercell. (a) - Total DOS for functionalized (black
line) and for pure systems (blue dashed line); (b) - The projected DOS on
the local orbitals connected to the following atoms: hydrogen atom from
methyl (orange solid line), carbon atom from methyl (brown dotted-dashed
line), and carbon atom from the CNT to which methyl molecule is bound
(grey dot-dashed line).
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one can see the main contribution to ’impurity’ bands comes from carbon
atom from the tube backbone to which the -CH3 group is bounded. Also
the carbon atom from methyl group, and, to a smaller extent, the methyl’s
hydrogen atoms contribute to the ’impurity’ band. Therefore, these ’impu-
rity’ states originate from sp2 → sp3 rehybridization caused by the covalent
bonding of the adsorbate to the surface of CNT.
Figure 3.3.3: Electronic band structure along Γ → X line in the Brillouin
Zone and the total density of states for (9,0) CNT functionalized with (a)
one, (b) two, and (c) nine -CH2 radicals per 72 atom supercell (black solid
line). Blue dashed lines indicate the band energies and DOS for the pure
(9,0) CNT. The Fermi energy is set to zero. Band gap is slightly increased
from 0.035 eV for pure (9,0) CNT to 0.05 eV for CNT with three attach-
ments and then drops to 0.04 eV for nine -CH2 radicals. The system remains
semi-metallic after functionalization.
We would like to stress that the described physical mechanisms of for-
mation of the ’impurity’ bands in the gap of pure (9,0) CNT remain valid
for (9,0) CNT functionalized with -NH2, -OH, -COOH and both -OH &
-COOH. However, the role of the π orbital originating from methyl’s car-
bon is now played by nitrogen or oxygen orbitals in the case of -NH2, and
hydroxyl and/or carboxyl groups, respectively.
In the case of the (9,0) CNT functionalizing with -CH2 radical (see
Fig. 3.3.3), interestingly one observes the situation that is completely dif-
ferent from the one described above. There are no impurity states around
Fermi level induced by presence of the -CH2, even for the critical concen-
tration of nine groups per 72 carbon atoms. Density of states, as well as

“doktoratKM5˙b5˙marginesy” — 2013/8/8 — 22:50 — page 52 — #70






52 3 Carbon Nanotubes
band structure are rather similar to pure (9,0) CNT. Our results for those
attachments are consistent with earlier studies [45, 58]. We have noticed
slight change in the band gap magnitude, being for one adsorbed -CH2 group
slightly lower than in the case of pure CNT (0.01 eV vs. 0.035 eV for pure
CNT) and a little bit bigger for higher concentrations of these fragments (it
is equal to 0.05 eV for three CH2 molecules and saturates at the value of
0.04 eV for higher number of adsorbates). Also appearance of the so-called
5/7 defects (see Sec. 3.1.3) in the functionalized system alters the band
structure only moderately and do not introduce ’impurity’ bands within
the band gap of pristine (9,0) CNT. Further, the analysis of the projected
DOS indicates that the states induced by those functionalizing molecules
lay deeply under Fermi level.
As we have already indicated, the band gap of (9,0) CNT functionalized
with -CH2 reaches the maximum for N = 3 (i.e., for three functionalizing
molecules). For N > 3, we observe that the band gap minimally decreases
with increasing number of radicals attached to the surface of CNT. As it
was shown in Sec. 3.1.3, -CH2 radicals cause big deformations of lateral
surface of functionalized nanotube. Therefore, this situation could be com-
parable with behaviour of stressed (9,0) CNT, [105] where the band gap
starts to decrease with increasing strain. It was shown by Gulseren [105]
and Silva [106] that applying uniaxial or torsional strain to SWNT can lead
to change of metallic/semiconducting character of CNT. Moreover, theoret-
ically [105, 104] and experimentally [52], it has been observed that stress can
cause charge reorganization with radial deformation, which directly mod-
ifies chemical reactivity of the surface of CNT. Functionalization, which
brings out global changes in structure, is confirmed by Strano [52] to induce
such enhancement in reactivity of CNTs. It is understandable in terms of
availability of electrons near the Fermi level, which are required to stabilize
charge-transfer transitions preceding bond formation.
For the case of (9,0) and (10,0) functionalized with -NH radical, we
observe oscillating magnitude of the band gap with the number of attached
molecules. This effect is qualitatively similar the effect described above
for CNT functionalized with -CH2. Semi-metallic (9,0) CNT with small
concentration of -NH has smaller band gap than the pure (9,0) CNT and
can still be considered as semi-metallic system.
Having described the influence of covalent functionalization on semi-
metallic CNT, we turn now towards functionalization induced band struc-
ture changes in semiconducting CNTs. As a prototype of semiconducting
nanotube we consider the (10,0) SWNT. As in the case of semi-metallic (9,0)
CNT, we analyse mostly two groups of functionalizing molecules, the first
group introduces the changes in the electronic structure in the energy range
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Figure 3.3.4: Electronic band structure along Γ → X line in the Brillouin
Zone and the total density of states for (10,0) CNT functionalized with (a)
one, (b) two, and (c) six -CH3 methyl groups per 80 atom supercell (black
solid line). Blue dashed lines indicate the band energies and DOS for the
pure (10,0) CNT. System remains semiconducting after functionalization,
however, the band gap decreases with increasing number of attachments.
Figure 3.3.5: Band structure for (10,0) CNT functionalized with one -CH3
molecule per 80 atom supercell. (a) - Total DOS of functionalized (black
line) and for pure (blue dashed line) (10,0) CNT; (b) - the projected DOS
on the basis orbitals connected to the following atoms: hydrogen atom from
methyl (orange solid line), carbon atom from methyl (brown dotted-dashed
line), and carbon atom from the CNT to which methyl group is bound (grey
dot-dashed line).
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close to the Fermi energy (e.g., -CH3, -NH2, -OH, and -COOH) and the
second group of adsorbates that rather modify only the density of valence
and conduction bands (e.g., -CH2).
Let us look at the details of the band structure for the semiconducting
(10,0) CNT functionalized with methyl (-CH3) group at various concentra-
tions (see Fig. 3.3.4). It is clearly seen that functionalizing molecules con-
siderably modify electronic structure of pure (10,0) CNT. The flat bands
introduced by adsorbate molecules in the band gap of pure tube constitute
the most pronounced effect. The number of functionalization induced en-
ergy bands is proportional to the concentration of adsorbed molecules. The
Fermi level is set at zero energy and it is easily seen that the functionalized
systems remains semiconducting for all concentration of adsorbates. How-
ever, in the functionalized (10,0) CNT the highest occupied and the lowest
unoccupied bands are induced by states of the functionalizing molecules.
As a result of growing interaction between bonding and anti-bonding states
of adsorbed molecules, the energy gap decreases now with the concentra-
tion of adsorbates (see Fig. 3.3.4). On the other hand, the CNTs with
higher concentration of -CH3 groups have positive adsorption energies, so
one should not expect the metallization of semiconducting (10,0) CNT as a
result of high degree of functionalization.
One can analyse the chemical origin of the ’impurity’ bands by plotting
the projected density of states. For the system consisting of (10,0) CNT
and -CH3 group, the results of such analysis are depicted in Fig. 3.3.5b. As
one can see the main contribution to ’impurity’ bands comes from carbon
atom from the tube backbone to which the -CH3 group is bounded. Also
the carbon atom from methyl group, and, to a smaller extent, the methyl’s
hydrogen atoms contribute to the ’impurity’ band. Therefore, these ’impu-
rity’ states originate from sp2 → sp3 rehybridization caused by the covalent
bonding of the adsorbate to the surface of CNT. The analysis of the chemical
nature of the ’impurity’ bands clearly shows that for semiconducting (10,0)
CNTs and semi-metallic (9,0) ones the chemical nature of the ’impurity’
bands is very similar.
The physical mechanisms that cause the band structure changes in the
semiconducting (10,0) CNTs functionalized with -NH2, -OH, -COOH, and
-OH & -COOH are quite similar to the just described above. It is illustrated
for the -OH group in Figs. 3.3.6 and 3.3.7. The (10,0) CNTs functional-
ized with -NH2 groups exhibit nearly identical behaviour as (10,0) CNTs
functionalized with methyl molecules concerning the electronic structure.
The band gap decreases, however, we do not observe metallization, at least
for the studied concentrations. On the other hand, the systems function-
alized with -OH (see Fig. 3.3.6), -COOH, and with both -OH & -COOH
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exhibit metallic character for all concentrations. In Fig. 3.3.7, it is shown
that the metallicity originates from the overlap of HOMO and LUMO in-
duced ’impurity’ bands. These results clearly show which type of molecules
should be used in order to make semiconducting nanotubes metallic and
give important practical hint for technological applications.
The changes of the band structure of semiconducting CNTs functional-
ized with -CH2 radicals are qualitatively very similar to the case of metallic
CNTs functionalized with these species. As an illustration, we show the
band structure of (10,0) CNT functionalized with -CH2 molecules at various
concentrations in Fig. 3.3.8. These adsorbates do not induce any impurity
bands around Fermi level, but only modify the DOS of valence and conduc-
tion bands. Band gap of functionalized systems is very slightly larger than
in the pure (10,0) CNT and oscillates around 0.82 eV (for up to 6 radicals
per supercell shown in Fig. 3.3.8). However, for higher concentration of
adsorbates, we observe that the band gap decreases, specifically, for nine
-CH2 radicals per 80 carbon atoms, the band gap is reduced to 0.47 eV.
The results of our studies shed light on physical mechanisms leading to
the changes of the band structure in covalently functionalized metallic and
semiconducting CNTs and provide also quantitative theoretical predictions
for the band gaps in CNTs functionalized with wide range of molecules,
which are of importance for many CNT applications. The importance of
the problem leads many authors to deal with this topic. Astonishingly,
there are more papers dealing with the band structure of functionalized
CNT than with their stability. Here we would like to bring our results in
the context of previous calculations. Many of the studied systems have
odd number of electrons in the chosen unit cell. Contrary to other papers
dealing with this issue, [58, 42, 59, 45, 57] we have performed fully spin-
polarized calculation for all systems studied (with odd and even number
of electrons). The resulting band structure for systems with odd number
of electrons exhibits typical spin splitting with one band for majority spin
(say spin up) completely occupied and one band with minority spin (say
spin down) completely empty. Neglecting spin polarization for a system
with odd number of electrons (as done in previous studies) leads to one half-
filled band. To facilitate comparison with other authors, we have performed
calculations with and without spin-polarization for the same systems, which
were analysed by Veloso [42] (two units of (8,0) per supercell functionalized
with one -NH2) and Doudou [57] (three units of (10,0) functionalized with
one -NH2). Disabling spin-polarization results in one half-filled impurity
band crossed by the Fermi level and leads to the results very similar to the
results of Ref. [42] and Ref. [57].
Electronic structure of CNTs functionalized with molecules such as CH4
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Figure 3.3.6: Electronic band structure along Γ → X line in the Brillouin
Zone and the total density of states for (10,0) CNT functionalized with
(a) one, (b) two, and (c) six -OH (hydroxyl) groups per 80 atom supercell
(black solid line). Blue dashed lines indicate the band energies and DOS
for the pure (10,0) CNT. The Fermi energy is set to zero. Note that all
functionalized systems are metallic.
Figure 3.3.7: Band structure for (10,0) CNT functionalized with one -OH
group per 80 atom supercell. (a) - Total DOS of functionalized (black line)
and for pure (blue dashed line) (10,0) CNT; (b) - The projected DOS on the
basis orbitals connected to the following atoms: hydrogen atom from -OH
group (orange solid line), oxygen atom from hydroxyl (brown dotted-dashed
line), and carbon atom from the CNT to which hydroxyl group is bound
(grey dot-dashed line).
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Figure 3.3.8: Band structure and total density of states of (10,0) CNT
functionalized (black solid line) with one (a), two (b) and six (c) -CH2
radicals per supercell (80 carbon atoms). Blue dashed line applies to pure
(10,0) CNT.
or NH3 has been discussed previously [60, 61, 58, 47]. Our studies of stability
of such systems clearly indicate that these systems are not covalently bound
to lateral surface of CNT, therefore, we have postponed the discussion of
their band structure. Our studies show that the weak coupling between π
electrons from tube and adsorbates is not strong enough to change consid-
erably DOS or band structure of these systems.
3.4 Transport Properties
CNTs play extremely important role in nowadays nanotechnology being
usable in many applications, like in functional electronic and optoelec-
tronic devices, and recently also in nano-bioelectronics. Various basic single
nanotube components have been demonstrated recently, such as molecular
wires, diodes, FETs and a single electron transistor [107, 108, 109, 110].
Also the working logic circuits with CNTs transistors have been created
[111]. However, it is the sensor application, which attracts nowadays so
much attention to the carbon nanotubes. CNT-based sensors have a lot
of advantage in comparison to traditional semiconductor-based gas sensors
[112]. They could be used to detect a small concentration of gas with high
sensitivity by measuring changes of the CNTs conductance in broad range
of temperatures, which is quite important due to usage in the environmental
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58 3 Carbon Nanotubes
monitoring, control of chemical process, medical applications or even space
missions [109, 113, 114, 115].
The conventional synthesis of CNTs provides a mixture of tubes with
different diameters and chiralities, which makes it very difficult to choose
the tube with desired properties. This is the bottleneck in the applica-
tions of CNTs in nanoelectronics. The post-process functionalization of the
tubes, especially the covalent one, is considered as a solution [110, 116, 117].
For example, in field effect transistor based sensors for chemical and biolog-
ical substances, the functionalization of CNTs with simple molecules is a
prerequisite to achieve adhesion of biological macromolecules to the CNTs
constituting channels of the FETs [116, 110, 109, 115, 118, 119]. However,
the covalent functionalization, as was shown in previous sections, leads to
many local and global changes in structure, elastic and electronic proper-
ties. Therefore the studies of transport properties of functionalized CNTs
seem to be quite important.
3.4.1 Calculation Details
The electronic coherent transport has been studied employing non-equili-
brium Green’s function (NEGF) technique, within the Keldysh formalism,
a rather standard procedure for treatment of coherent transport [37]. The
studied structures have been treated as two-probe systems with the central
scattering region sandwiched between semi-infinite source (left) and drain
(right) electrode regions (as shown in Fig. 3.4.1(a)). The transmission co-
efficient of electrons (incident at energy E) through the central scattering
region constituting the device (under the bias voltage Vb equal to the elec-
trochemical potential difference between the left and right electrodes, eVb
= μL − μR) T(E,Vb) has been calculated using following expression:
T (E, Vb) = Γˆ
1/2
R Gˆ
rΓˆ
1/2
L , (3.4.1)
where ˆΓR(L) are matrices that take into account the coupling of the central
region to the right(left) electrode, and Gˆr is retarded Green’s function of
the system. The conductance can be expressed as follows [37]
G(E) = GoTr[ΓˆRGˆ
rΓˆLGˆ
a], (3.4.2)
where Go = 2
e2
h
is the unit of quantum conductance and Ga is advanced
Green’s function. The current flowing through the scattering region has
been calculated according to Landauer-Buttiker formula, i.e., assuming the
limit of small bias, which is justified for the range of the external voltage

“doktoratKM5˙b5˙marginesy” — 2013/8/8 — 22:50 — page 59 — #77






3.4 Transport Properties 59
considered in the present study:
I(Vb) =
μL∫
μR
T (E, Vb)dE. (3.4.3)
We have used TranSIESTA [38] package to calculate the transmission
coefficients T(E, Vb), and then current-voltage I(Vb) characteristics. The
following parameters have been used: number of points along the arc part
and on the line of the contour of 16 and 10, respectively, number of Fermi
poles of 16, small finite complex part of the real energy contour of 10−6 Ry,
number of points on the close-to-real axis part of the contour in the voltage
bias window of 10, the energy window has been in the range of (-3,3) eV,
number of points for the computation of the transmission function of 200,
and the number of eigenvalues of the transmission matrix of 1. The complex
energy contour has been always set to value below the lowest energy in the
energy spectrum of each system. In the calculation of the current in the
functionalized systems, we have taken into account the deformation of the
systems caused by the chemisorption of the -CH2, -OH, and -NH2 to the
walls of CNTs. For the geometry relaxations, we have used SIESTA package
[31, 32]. The so-called PBE form of the generalized gradient approximation
(GGA) [68] has been chosen for the exchange correlation density functional.
Computations have been performed employing following parameters of the
SIESTA package that determine numerical accuracy of the results: double-
ζ-plus-polarization basis, kinetic energy mesh cut-off of 300 Ry, the self-
consistency mixing rate of 0.1, the convergence criterion for the density
matrix of 10−5, maximum force tolerance equal to 0.04 eV/A˚. The lateral
supercell dimensions (i.e., lateral lattice constants in x and y directions)
have been set to 30 A˚, just to eliminate completely the spurious interaction
between neighbouring cells.
3.4.2 Pristine Single-Wall Carbon Nanotubes
As a starting point for further investigations of the transport properties of
functionalized CNTs, we present the transport properties of pure single-
walled carbon nanotubes. The six single-wall zigzag nanotubes with differ-
ent diameters, including three examples with divisible by three the difference
in the CNT chiral number, (m-n), have been considered.
We start the presentation of the obtained results from the case of the
pristine semiconducting (10,0) SWNT (Fig. 3.4.1(a)). Since the transport
through the system is in ballistic regime, the transmission coefficient at the
Fermi level can be derived from band structure and DOS. As one can see
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Figure 3.4.1: (a) The schematic view of two-probe (10,0) nanotube system,
having five unit cells (200 C atoms) along z-axis. Central scattering region
consisting of 120 C atoms, left and right electrodes are indicated. (b) The
band structure, (c) DOS and (d) the zero-bias transmission spectrum per
spin for (10,0) nanotube studied in the configuration shown in (a). (e)-(i)
The zero-bias transmission spectra per spin for five different zigzag nan-
otubes: (5,0), (6,0), (9,0), (14,0) and (15,0), respectively.
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in Fig. 3.4.1 (d), the zero-bias transmission spectrum resembles closely the
band structure presented in Fig. 3.4.1(b) and the density of states of (10,0)
SWNT depicted in (Fig. 3.4.1(c)). At subband edges are clearly seen the
Van Hove singularities, which are characteristic for one-dimensional sys-
tems. The transmission coefficients correspond with the numbers of bands.
Therefore, the conduction channel is completely shut down in the range (-
0.3922,0.3922) eV, because in semiconducting (10,0) SWNT none of Bloch
states crosses the Fermi level (see Fig. 3.4.1(b)).
The more complex situation is for ultra small tubes such as (5,0) and
(6,0). Both tubes are metallic ones due to high curvature. In those cases,
the charge distribution inside and outside the tube become asymmetric and
forms dipoles [104]. Mixing and repelling σ- and π- states in that tubes is so
important, that standard orthogonal tight-binding scheme6 in comparison to
DFT calculations gives invalid results [104, 120]. The transmission spectrum
for pure (5,0) and (6,0) CNTs, which are presented in Fig. 3.4.1 (e) and
(f), respectively, have typical step-like shape and the conductance around
Fermi level is greater than zero for both types of CNTs. The obtained
transmission spectra are in very good agreement with previous theoretical
results [104, 121, 120].
The next considered system is a semimetalic (9,0) nanotube (Fig. 3.4.1
(g)). From the (m-n) chiral rule this tube is expected to be metallic, however
there is a small curvature-induced energy band gap at the Fermi energy. For
nanotubes with diameters ≤ 1 nm, the structural deformation of graphene
sheets significantly affecting the electronic structure leads to opening such
energy band gaps. The overlap of the nearest neighbour π orbitals is de-
creased as a result of deformation and the Fermi wave vector moves away
from the high-symmetry K point within the first Brilloiun Zone. It is not
only the theoretical prediction [104, 102, 103, 105], but also an experimental
result [122]. The calculated transmission spectrum is similar to the Scan-
ning Tunnelling Spectroscopy - dI/dV measurements [122], which clearly
indicate that this nanotube has energy band gap ca. 0.080 eV.
The last two examples of pure nanotubes are semiconducting (14,0)
(Fig. 3.4.1 (h)) and metallic (15,0) (Fig. 3.4.1 (i)) SWNTs. The transmis-
sion coefficient is zero in the range (-0.3287,0.3287) eV which corresponds
to the band gap in (14,0) SWNT. In the metallic case the transmission per
spin within the interval (-0.8417,0.6974) eV is 2 indicating that only two
bands (π and π∗) can contribute to transport. Therefore, a maximum linear
response conductance, assuming no parasitic resonances posted by contact
interfaces, should be twice as big when the two spins are taken into account.
6within the single π- orbital
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Figure 3.4.2: The current-voltage characteristics of six different zigzag nan-
otubes: (5,0), (6,0), (9,0), (10,0), (14,0) and (15,0) for a bias voltage (Vb)
from -2.0 to 2.0 V.
In Fig. 3.4.2 the I(Vb) characteristics of all considered tubes are also
presented. The metallic and semiconducting tubes can be easily distin-
guished. For the metallic tubes the current turns on for nearly zero bias
and increases with increasing bias voltage. The ohmic behaviour is seen
for all metallic tubes. In the bias-voltage range of the I(Vb) characteristic
presented in Fig. 3.4.2 only for (5,0) nanotube the saturation (at ca. Vb=0.9
V) can be observed. In the case of semiconducting tubes the critical voltage
for the non-zero current depends on energy band gap of the system. The
I(Vb) curves are symmetric with respect to the point (0,0) and indicate that
semiconducting SWNTs behave as two back-to-back Schottky diodes. It is
fully understandable if one takes into account that direct band structure
of SWNT is completely symmetric for hole and electron transport. The
calculated I(Vb) curves nicely agree with experimental data [111, 116, 123].
The amount of current at fixed bias voltage not only depends on metal-
lic/semiconducting type of the tube, but also on diameter of this tube. For
both types of SWNTs the tube with bigger diameter conducts larger current
at the same bias voltage applied.
3.4.3 Functionalized Single-Wall Carbon Nanotubes
Semiconducting CNTs, in contrast to metallic ones, can be successfully used
for nanoelectronic applications [110, 118]. The selective functionalization of
SWNTs with simple organic functional groups is already experimentally
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realized [110, 123, 116, 115]. Recent experiments [113, 123, 108] show that
the charge transfer leads to dramatic changes in the electrical conductance
of the semiconducting CNTs, which can be useful in sensing biological or
chemical substances. Explaining the underlying mechanism for electronic
transport in such structures essentially still remains an unresolved issue.
Figure 3.4.3: (a) The schematic view of studied functionalized systems:
(10,0) SWNT with one, two, three, six, and nine -CH2 radicals adsorbed to
lateral surface of the tube. Electrodes (containing 40 C atoms each) and
scattering regions (containing 160 C atoms) are also depicted by black lines.
(b) The zero-bias transmission spectra per spin for pristine (dot-dashed line)
and functionalized (10,0) SWNT (continuous lines) as a function of electron
energy relative to the Fermi level. (c) I(Vb) characteristics of all systems
for a bias voltage (Vb) from 0.7 to 1.0 V.
Therefore, in the next step, we present results of transport calculation
for (10,0) SWNT functionalized with one, two, three, six and nine -CH2
fragments, as shown in Fig. 3.4.3 (a). The conductance of pristine and
-CH2 functionalized (10,0) SWNT for the case of zero external bias are
shown in 3.4.3 (b). For legibility of this graph, we have decided to show
conductance from -2 eV to 2 eV around Fermi energy. It is clearly seen that
functionalization causes a decrease of conductance and step-like behaviour
of the transmission spectrum is less pronounced, which is related to avail-
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able conductance channels. The more adsorbed groups the more dramatic
change can be observed in transmission spectrum. For six and nine adsor-
bates even transmission dips appear. The conductance G is equal to 0.885
2e2/h at -0.585 eV for six -CH2 and 0.544 2e
2/h at -0.697 eV for nine -CH2.
One conduction channel is completely closed and second one is closing. The
same effect has been experimentally observed for -CCl2 radicals, which have
similar atomic structure at binding site [124]. For the highest considered
concentration of adsorbates, nine radicals adsorbed, the whole transmission
is about two times smaller than for pure nanotube and dip is much wider
than for six radicals. The strength of intra-band transitions in the covalently
functionalized semiconducting SWNT is weakened because of the saturated
bonds, which function as defects [125, 107]. Perturbing potential created by
adsorbates, defects and other impurities, may introduce intrinsic backscat-
tering along the tube, which alters conduction manifolds and reduces the
transmission capability of the system [107, 108, 130]. The damage to con-
duction channels is due to sp3 rehybridization [126, 127, 128, 129, 130],
which was reported in the case of -CH2 radicals [62, 64, 82, 126, 128, 129].
Fig. 3.4.3 (c) presents electrical current as a function of applied voltage
for all functionalized systems shown in Fig. 3.4.3 (a) and the pure one de-
picted in Fig. 3.4.1 (a). Functionalization of SWNT leads to reduction of
current and is more pronounced for nanotube with nine adsorbates than for
a nanotube with six adsorbates. However, as one can see, the current flowing
through the system with only two -CH2 radicals attached, is smaller than for
a system with three adsorbates. This can be related with the stress induced
by adsorption of the radicals to the lateral surface of the tube. Two groups
change much more the cross-section of CNT, from circle to ellipse, than
three groups evenly distributed over the tube. In Sec. 3.3.2, it was shown
that strain caused by attached fragments may lead to metal/semiconductor
transition in (9,0) and (10,0) nanotube. This behaviour is characteristic for
all zigzag SWNTs [82, 131, 105, 106]. Not only bending and twisting of nan-
otube structure lead to reduction in transmission, but also elongation and
compression of metallic SWNTs decrease the conduction [104, 132]. The
opposite behaviour was noted by Golgir et al. [131] in the case of semicon-
ducting SWNTs, where the quantum conductance has been increased by
elongation and compression stress. Also the experimental data [133] con-
firmed that mechanical strain affects transport properties of SWNTs and
those properties are related to the magnitude of stress.
The impact of covalent functionalization on the transport properties
of CNT can be, however, reduced by a suitable choice of the adsorbates
[126, 128, 129]. In Fig. 3.4.4, left panel, we present DOS and transmis-
sion spectra of (10,0) nanotubes functionalized with three different types
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of adsorbates at the same concentration (six adsorbates): -CH2, -NH2 and
-OH; the structures being visualized on the right side of the figure . The
band gap is clearly seen in all systems, because only two units of nanotube
(containing 80 C atoms), to which the fragments were attached, were opti-
mized, whereas the geometry of the rest of the systems - electrodes and its
extension in the central region7, were taken from pure (10,0) nanotube and
fixed. Therefore, only at short range of two units the morphology of the
tube is affected by presence of the adsorbates. The C atoms, adjacent elec-
trode extensions have to perfectly match with those regions meaning that
functionalized structure is stressed (ca. 1.5 kbar). Impurity bands origi-
nating from attached groups are moved further from Fermi Energy than in
systems analysed in Sec. 3.3.2 and do not cross the Fermi level, closing (-OH
case) or reducing (-NH2 case) the band gap. However, even for those sys-
tems, it is possible to distinguish between systems with different adsorbates
and its concentration from transmission or I(Vb) characteristics. This effect
was experimentally confirmed and successfully used in CNT-based sensors
[107, 123, 115].
The -CH2 radicals and -NH2 groups induce anti-resonant transmission.
The conductance dips corresponds with DOS peaks at -0.585 eV and 0.762
eV for carbene (see Fig. 3.4.4 (a)) and at -1.483 eV and -0.842 eV for pri-
mary amine (see Fig. 3.4.4 (c)). These dips/peaks are related with presence
of attachments, in other words, originate from sp2 → sp3 rehybridization
caused by the covalent bonding of the adsorbate to the surface of CNT. In
the case of -OH groups, the situation is more complex. The conductance
peaks at -0.441 eV and -1.466 eV correspond with DOS peaks, which in-
dicate the resonant type of behaviour that is induced by the quasi-bond
states in the structure. However, at -1.804 eV one can observe small dip
in transmission and related peak in DOS. The transmission spectra of -
NH2 (Fig. 3.4.4 (c)) & -OH (Fig. 3.4.4 (b)) functionalized SWNT are much
more smeared from step-like shape transmission of pure tube than for -CH2
(Fig. 3.4.4 (a)) functionalized system. The conduction is most reduced in
the case of hydroxyl functionalization - it is twice smaller than for pure
case, due to the highest electronegativity of this group in comparison to
other considered adsorbates. Attachments act as strong scattering centres
and those with lower electronegativity like -CH2 and -NH2 attract the elec-
tron cloud less efficiently and better preserve the conductivity of the pure
tube.
Our studies show that the structural modifications of the SWNTs might
cause dramatic increase of the FET channel resistance. The practical usage
7For numerical stability reasons the central region include a copy of the intended
electrodes.
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Figure 3.4.4: The density of states and the zero-bias transmission spectrum
per spin for (10,0) nanotube functionalized with (a) -CH2, (b) -OH, and (c)
-NH2 fragments. Studied systems are shown in right panel with electrodes
and scattering regions.
of those systems requires the concentration of adsorbates to be low. It
is also possible to choose attachments preserving sp2 hybridization, which
yields, even for very high concentrations of those molecules, only a small
downscaling of the conductance [126, 128, 129]. However this remedy cannot
be used for all types of adsorbates. Therefore, another practical solution of
this problem is currently being searched for.
3.4.4 Double-Wall Carbon Nanotubes
It has been recently proposed [134] that usage of double-wall nanotubes
(DWNTs) with functionalized only the outer shell and pristine inner one
might be a solution to the conductance drop observed in the functionalized
SWNTs. The inner wall is maintained in protected environment, whereas
outer wall can be exploited for self-assembling or sensing purposes [135, 136,
137, 138]. In sensor devices with a DWNT based FET channel, the current
is supposed to flow mostly through the inner tube, and the sensed biological
or/and chemical substances could be attached to the functionalized outer
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wall. Due to the weak interaction between the two tubes in the DWNTs
[107, 139], the changes in the electronic structure, caused by the adhesion
of the sensed molecule to the outer tube, influence the electronic structure
of the inner one. Hence, the current-voltage I(Vb) characteristics of the
DWNTs are modified. Reliable modelling of the functionalized DWNTs
could facilitate the design of effective new sensors based on the mentioned
structures. Therefore, to get physical insight into transport phenomena in
these systems, we have performed theoretical studies of coherent ballistic
electrical transport in (5,0)@(14,0) DWNT (i.e., DWNT with (5,0) inner
tube and (14,0) outer one) functionalized with simple organic -CH2 radicals
attached only to outer tube.8 The coherent transport regime is commonly
considered to be the basic transport mechanism in the FETs with CNT
channel and in various types of sensors based on such transistors.
To understand electrical coherent transport in the functionalized DWNTs,
we consider four types of systems: (i) pristine (14,0) SWNT, (ii) -CH2
functionalized (14,0) SWNT, (iii) pristine (5,0)@(14,0) DWNT, and (iv)
(5,0)@(14,0) DWNT with outer shell functionalized with -CH2 radicals. All
studied structures are depicted in Fig. 3.4.5, where also the division of the
systems into source and drain electrodes and central scattering region has
been indicated.
In Fig. 3.4.6 (a) the zero-bias transmission spectra per spin for all stud-
ied systems are presented. The conductance of pure DWNT is approxi-
mately twice as large as for pure SWNT. Both tubes, (5,0) and (14,0) are
electrically active and contribute to available eigenchannels in (5,0)@(14,0)
DWNT tube. According to (n-m) chiral rule, pure (5,0)@(14,0) DWNT is
expected to be semiconducting, however, due to metallicity of (5,0) tube,
as explained in Sec. 3.4.3, it is also a metallic tube. The transmission
per spin around Fermi Energy is bigger than zero. Functionalization of the
tubes with the same number of groups has smaller effect on DWNT than on
SWNT. The step-like character of transmission for pure tube is smeared for
both functionalized tubes. In the energy window depicted in Fig. 3.4.6 few
conduction dips can be observed in transmission spectrum of functionalized
(5,0)@(14,0) nanotube. The conductance dips at 0.056 eV, 0.152 eV, 0.441
eV and 0.601 eV correspond to DOS peaks, which indicates anti-resonant
type of behaviour that allows this system to be used as a sensor device.
The calculated current-voltage characteristics (calculated using Eq. 3.4.3)
for DWNTs, compared to the characteristics of the pristine and function-
alized SWNTs, are depicted in Fig. 3.4.6 (b). The most striking effect to
8The (5,0)@(14,0) nanotube, containing 456 C atoms, was chosen as smallest possi-
ble prototype of DWNT because of huge CPU time necessary to perform this type of
calculations.
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Figure 3.4.5: Four studied systems : (a) pristine (14,0) SWNT, (b) (14,0)
SWNT functionalized with -CH2 , (c) pristine (5,0)@(14,0) DWNT, and (d)
(5,0)@(14,0) DWNT with outer shell functionalized with -CH2 molecules.
In all cases the central scattering regions are indicated. They consist of 224
carbon atoms for the case (a), 224 carbon atoms plus six -CH2 molecules
for the case (b), 224 carbon atoms in the (14,0) outer tube and 80 carbon
atoms in the (5,0) inner tube for the case (c), 224 carbon atoms in the (14,0)
outer tube, 80 carbon atoms in the (5,0) inner tube, and six -CH2 molecules
for the case (d).

“doktoratKM5˙b5˙marginesy” — 2013/8/8 — 22:50 — page 69 — #87






3.4 Transport Properties 69
Figure 3.4.6: (a) The zero-bias transmission spectra per spin and (b) I(Vb)
characteristics for four studied systems: (i) pristine (14,0) SWNT (cyan
dashed line), (ii) -CH2 functionalized (14,0) SWNT (red solid line), (iii) pris-
tine (5,0)@(14,0) DWNT (black dashed line), and (iv) (5,0)@(14,0) DWNT
with outer shell functionalized with -CH2 radicals (brown solid line).
be seen there is a dramatic decrease of current in the -CH2 functionalized
SWNT. In the case of pristine (5,0)@(14,0) DWNT, the current is con-
siderably higher than for (14,0) SWNT, as one could expect for parallel
connection of two resistors. The most important result is a demonstration
that the -CH2 functionalization of the outer shell of (5,0)@(14,0) DWNT
does not ruin current flow. It is clearly seen that inner tube of the func-
tionalized DWNT can still conduct reasonable electrical current. Actually
this current for all applied voltages is rather similar to the current in the
pristine DWNT. Functionalization does reduce the current in the case of
DWNT, but much less than in the case of SWNT. At Vb=0.8 V, the current
is equal to 0.033 μA for functionalized (14,0) CNT, which is approximately
one order of magnitude less than for pristine (14,0) CNT (0.972 μA). For the
same voltage applied in the case of DWNT, the currents are equal to 35.762
μA and 30.967 μA for pure functionalized system, respectively, being rather
quite small. The amount of current, which is transport by both walls is not
similar due to metallicity of inner tube. The constant current contribution
from the metallic inner tube masks possible modulation of semiconducting
outer wall and is inconvenient for practical applications. This observation
is in agreement with Bouilly’s [134] experimental findings. The best can-
didates for sensors are DWNT composed with both semiconducting walls,
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however it is experimentally difficult to obtain only this type of the DWNTs
[134].
This studies show that DWNTs as the simplest representatives of multi-
wall carbon nanotubes (MWNTs) appear very promising building blocks for
engineering electronic devices, especially sensor devices, with well defined
chemical functions. It is worth to stress that our theoretical findings are in
fairly good qualitative agreement with experimental data [134], and provide
valuable hints for design of devices based on functionalized DWNTs.
3.5 Conclusions
The covalent functionalization of CNTs with simple organic molecules ho-
mogeneously distributed on the sidewall of CNTs results in local and global
modifications of their geometry. Generally functionalized CNTs exhibit co-
valent bonding between CNT and adsorbates, which manifest itself in local
rehybridization of the C-C bonds and deformation of the functionalized sys-
tem. The smallest changes in structure of CNTs are caused by attaching
-OH and -COOH groups, the greatest by attaching radicals. We observe
characteristic pentagon/heptagon (5/7) defects in CNTs functionalized by
-CH2 fragments and effect of some kind of ’capping’ (or closing) of the nan-
otube at sufficiently high concentration of -NH4 molecules. We determined
the critical density of the -CH2, -NH4 fragments, and -OH groups which
could be bound to CNT.
Studies of mechanical properties of CNTs have shown that functional-
ization of CNTs causes expansion of the functionalized CNTs, i.e., increase
of longitudinal lattice constant and radius in comparison to the pristine
CNTs. This expansion is generally proportional to the density of the ad-
sorbed molecules. We observe general trend that the molecules forming
the stronger bonds to CNTs cause larger deformations of the functionalized
systems (i.e., larger changes of lattice constants l and radii r) and larger
reduction of the elastic moduli (Young’s, shear, and bulk). All moduli de-
crease with concentration of the adsorbed molecules. Whereas Young’s,
shear and bulk moduli reflect changes in structure, the Poisson’s ratio re-
mains almost unchanged. In a few cases when comparison with experiment
and other theoretical studies is possible, we observe reasonable agreement
with results of our calculations. In spite of the fact that the functional-
ization diminishes elastic moduli of CNTs, they remain large enough to
guarantee successful application of functionalized CNTs for reinforcement
of composite materials.
Functionalization of CNTs changes their electronic structure and allows
for band gap engineering. Most of the considered adsorbates: -OH, -COOH,
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-NH2, and -CH3 introduce impurity bands around Fermi level which orig-
inate from states of adsorbed molecules and carbon tube atom to which
the molecule is attached. Functionalization can lead to changes of metal-
lic/semiconductor character of CNTs. Specifically, semiconducting (10,0)
CNT can be transferred into metallic one by functionalization with -OH,
-COOH, and/or both -OH & -COOH, and also for big concentration of -
NH2 groups. On the contrary, functionalization with -CH2 opens slightly
the band gap in semi-metallic (9,0) CNT, just inducing transition to semi-
conducting CNT. In the systems with odd number of electrons, we have
observed half-metallic behaviour, with the valence top band occupied by
majority spin electrons and the first empty band having minority spin char-
acter.
Performed theoretical studies have shown that covalent functionalization
of semiconducting (10,0) and (14,0) SWNTs with molecules non-preserving
sp2 hybridization reduces the conductance, and therefore the current, in
these systems. Adsorption of -CH2, -NH2 and -OH molecules induce differ-
ent energy resonant peaks and anti-resonant dips, which can be related with
characteristic quasi-bond states localized on adsorbates. This effect allows
us to distinguish between functionalized systems with different molecules
which enable its usage as sensor devices, however, only for low concentra-
tion of adsorbates. The impact of covalent functionalization on the trans-
port properties of CNT can be reduced by a suitable choice of the type and
concentration of adsorbates. We have shown that groups containing atoms
with higher electronegativity, like -OH, reduce more the CNT conductance
in comparison to the -NH2 and -CH2 fragments. The reduction of trans-
port properties is roughly proportional to the number of adsorbates and
therefore for higher concentration of adsorbates hinders the usage of func-
tionalized CNTs in electrical devices. The experimental work of Bouilly
[134] proposed the solution of this problem, which motivated us to per-
form theoretical studies of transport properties of DWNTs. The reasonable
conductance and current of the highly functionalized systems can be main-
tained by employing DWNTs with protected pristine inner shell, while the
outer one is functionalized for self-assembling or sensing purposes. We have
shown that functionalized DWNT exhibits good conductance and could be
successfully used as channel in FET based sensors, which is consistent with
experimental data.
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4 Graphene Layers
4.1 Structural Properties and Stability
Graphene, a 2D monolayer form of sp2 hybridized carbon arranged in a
hexagonal structure and the Nobel winning material in 2010, attracts a lot
of research activities nowadays, due to its extraordinary physical, chemical,
electrical, optical and mechanical properties. To further extend its potential
applications, intensive research has been devoted to the graphene function-
alization methods. Among them, the covalent functionalization is one of the
most important and broadly used method. The covalent functionalization of
graphene improves its solubility in solvents [140], prevents agglomerations
of monolayer [4, 141], can modulate the charge carrier type and its concen-
tration, improves bioselectivity [21] and resolves problem with zero energy
band gap [142]. It is also essential for efficient energy conversion and storage
devices, such as solar cells, fuel cells, supercapacitors, and batteries [4, 143].
Chemically modified graphene is also promising candidate for ’paper-like’
materials, nanocomposites and mechanical resonators [144, 145, 146, 147].
Most popular ways of functionalization graphene are chemical reduction
of graphene oxide (GO) or chemical functionalization [144, 148, 149, 150].
It can be done through four different types of reactions: nucleophilic substi-
tution, electrophilic addition, condensation and addition9 [4, 144, 150, 151,
152, 153]. Even the hydrophobic nature of graphene can be modified after
covalent functionalization with hydrophilic groups, like amines, adsorbed to
the basal plane of graphene [142, 154].
All functionalizing molecules, which have been considered in this the-
sis, are very important for potential application of graphene. Hydroxyl
and carboxyl groups, which are present on GO, play important role in re-
duction reaction of this compound and further functionalization, including
biomolecules deposition [155]. Amines (-NH and -NH2), but also carboxyl
groups are crucial for biosensing and other biological applications, since
they enable numerous covalent reactions [154, 156, 157]. All of them im-
prove dispersal of GLs in organic solvents and its miscibility with polymer
matrices [140].
We start the presentation of the results by considering the structural
properties and stability of the functionalized GLs. We will discuss the
morphology changes induced by the covalent functionalization and the en-
ergetics of functionalized systems.
9In particular: esterification of carboxylic groups in GO, free radical addition, Billups
reactions, and Diels-Adler cycloaddition
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4.1.1 Calculation Details
Our studies of the GLs functionalized with -NH, -NH2, -CH2, -CH3, -COOH,
and -OH are based on the ab initio calculations in the framework of the
Kohn-Sham realization of the density functional theory DFT [22, 23]. We
have used the generalized gradient approximation (GGA-PBE) for the ex-
change correlation density functional [68], which is suitable for description
of graphene-adatom chemical bonds [158], and supercell geometry with pe-
riodic boundary conditions as employed in the numerical package SIESTA
[31, 32]. A split double zeta basis set with spin polarization has been used
in all calculations. For structural and elastic properties, we use kinetic en-
ergy cut-off of 600 Ry. The Brillouin zone has been sampled in the 13x13x1
Mokhorst-Park scheme. The supercell dimensions have been established as
follows. The separation between layers has been set to 80 A˚ (just to elim-
inate completely the spurious interaction between neighbouring cells) and
full periodicity of the hexagonal lattice has been taken in the plane. To
investigate the various densities of the functionalizing fragments, we have
multiplied lateral graphene monolayer unit cell (with two atoms) according
to the patterns (2x2), (3x3), (4x4), (5x5), (6x6) (i.e. creating supercells
that contain 8, 18, 32, 50 and 72 carbon atoms, respectively) and placed
one functionalizing group in each supercell. We have also taken into ac-
count the case of bi- (in AB stacking) and trilayer (in ABA stacking) with
functionalized only one layer with one fragment in (2x2), (3x3) and (4x4)
supercells (containing 16/24, 36/54, and 64/96 carbon atoms for bi/trilayer,
respectively). Further, we have performed full optimization of the supercells
geometry using the conjugate gradient algorithm to achieve residual forces
acting on the atoms lower than 10−4 eV/A˚. The convergence criterion for
the density matrix has been set to 10−4.
We have simulated the scanning tunnelling microscopy (STM) images in
order to analyse the structure and related electronic properties of functional-
ized graphene layers. These images, depicted in Figure 4.1.3, are calculated
within the Tersoff-Hamann scheme [159] in the constant current mode with
the bias voltage (Vb) of 0.5 V, and visualized using WSxM code [160]. The
tip shape and its electronic structure is not taken into account. Density of
the tunnelling current, resulting from the applied small bias voltage between
the tip and the sample, is calculated according to the formula [161]:
ρSTM(r, Vb) =
EF∫
EF−eVbias
Nband∑
i
∑
k∈BZ
|ϕi,k(r)|2δ(Ei,k − E)dE, (4.1.1)
where ϕi,k is the wave function associated with the Ei eigenvalues from the
energetic window set by the integrand range which contain Nband states.
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The adsorption energy, which has been calculated according to the for-
mula:
Eads/N =
1
N
(EGL+groups − (EGL +N · Egroup)) , (4.1.2)
is used as the measure of the stability of the studied systems. EGL+groups
is the total energy of functionalized graphene, EGL is the total energy of
graphene monolayer, and Egroup is the total energy of the free group (i.e.,
in the vacuum). Ecc is the counterpoise correction [65, 66, 67], accounting
for the finitness of the localized basis used in the employed computational
scheme and is defined by:
Ecc =
1
N
(EGL+·ghost − EGL + Eghost+groups −N · Egroup)) , (4.1.3)
where EGL+ghost and Eghost+groups are Kohn-Sham energies of the function-
alized system but where the adsorbates or GL are replaced by their ghosts
[32], respectively. For these calculations, we fix the atoms at their optimized
positions.
The binding energy per atom can be described as:
Ebind/Nα =
1
Nα
(
EGL+groups −
Nα∑
α=1
Eatom,α
)
, (4.1.4)
where Nα is the number of atoms in the system, and Eatom,α is the total
atomic energy of the free atom of type α (C, N, O or H).
4.1.2 Structural Effects of GMLs Functionalization
In. Fig. 4.1.1 (a) we present exemplary optimized structures of graphene
functionalized with -NH, -NH2, -CH2, -CH3, -COOH, and -OH. All of con-
sidered adsorbates bind covalently to the graphene layer, implying sp2 to sp3
rehybridization and local deformation of the graphene plane, which are well
known effects observed in chemical doping of graphene layers and nanorib-
bons [64, 162, 163, 19, 164, 165, 158, 166, 167, 168].
Depending on the electronic configuration, the fragments form either
single chemical bond to the C atom from the GL basal plane (-NH2, -CH3,
-COOH, and -OH), being in the so-called top position, or double bond (as
-CH2 and -NH) with fragment’s C atom placed in the bridge positions. C-C
bond lengths in the closest proximity of the functionalizing group increases
to 1.48 A˚ and 1.51 A˚ for radicals and non-radicals, respectively. The bond
lengths for C-C pairs away from the group are very close to the bond length
in pure graphene (1.43 A˚). These values nicely agree with previous the-
oretical investigation of structural modification caused by hydroxyl [166],
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Figure 4.1.1: (a) Studied structures of functionalized GMLs with simple,
-NH, -NH2, -CH2, -CH3, -COOH, and -OH, organic fragments. (b) The
difference of the valence pseudocharge density and the superposition of
the atomic valence pseudocharge densities for (4x4) supercells plotted in
the plane perpendicular to graphene layer, together with the ball-and-stick
model of the functionalized systems.
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76 4 Graphene Layers
primary amine [169], and methyl groups [170] covalently bound to graphene
monolayer.
We have found that the graphene monolayer and bilayer functionalized
with all considered fragments are no longer flat. The carbon atoms to which
adsorbates are covalently attached stick out from the basal plane of GL (see
Fig. 4.1.1 (a)). This effect depends on concentration and type of adsorbates
being the strongest for carboxyl group and radicals. Functionalization with
non-radical groups, like primary amines, causes bigger deformations in CNT
than in GML, whereas, this tendency is reversed for CNT and GL function-
alized with radicals, like -NH. This can be explained in the following way.
Both in CNT and GL, radicals bind covalently to two carbon atoms. Be-
ing grafted to a flat graphene surface, -NH and -CH2 pulls out of plane
two carbon atoms easier than in the case of the curved CNT surface. The
out-of-plane distortions are in the range of 0.42-0.77 A˚, 0.55-0.90 A˚, 0.38-
0.65 A˚, 0.78-1.31 A˚, 0.52-1.03 A˚ and 0.36-0.87 A˚ for -CH3, -CH2, -OH,
-COOH, -NH2 and -NH fragments, respectively. Boukhvalov [164] reported
the height of carbon atom bounded to -OH groups over graphene as 0.49 A˚,
which nicely compare with our values. Yan et al. [166] noted smaller10
value (0.37 A˚) than Boukhvalov but still in agreement with our range of
values for this type of functionalization.
Because of flexibility of monolayer, which allows minimizing energy costs
due to lattice distortions, the out-of-plane distortions are bigger than in the
case of bilayer graphene (GBL), which is less flexible due to interlayer cou-
pling. The relative changes of out-of-plane distortions in GBL in comparison
to distortions in GML for all considered fragments are in the range of 0-40%.
Therefore, they are smaller than presented in Ref.[19] for oxygen function-
alization, ca. 80%. For carboxylic group, out-of-plane distortion, the value
of 0.57 A˚, calculated by Boukhvalov and Katsnelson [19], almost perfectly
agrees with our result (0.51 A˚).
The strong chemisorption of all species to basal plane of graphene can be
also seen from distribution of the changes of valence charge around adsor-
bates, depicted in Fig. 4.1.1 (b). Incorporation of atoms with different level
of electronegativity leads to different changes in local charge density. There-
fore, functionalization with groups containing carbon slightly changes the
situation in comparison to the pure graphene. Methyl group induces small
positive valence electronic charge in the middle of the bond between basal
plane and group, whereas -CH2 causes larger changes. One can clearly see
areas of additional valence electronic charge more shifted to the adsorbate
than to basal plane of graphene. For -CH2 there are also bigger changes in
10These calculations were carried out using local density approximation (LDA).
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Figure 4.1.2: The equilibrium lattice constant (a) of the functionalized
graphene as a function of the number of covalently bound fragments: -NH,
-NH2, -CH2, -CH3, -COOH, and -OH. Top axis gives the concentrations of
adsorbed molecules in %.
C-C bond in basal plane of graphene than for -CH3 group. Covalent func-
tionalization with amines, -NH2 and -NH, leads mostly to generated excess
charge at N atom. Again, the radical introduces more changes to the basal
plane. In the case of hydroxyl and carboxyl group, the oxygen atoms in-
troduce comparable positive difference of the valence pseudocharge density
and the superposition of the atomic valence pseudocharge densities. These
two groups are acting as acceptors - it was noted in the case of -COOH
group in previous theoretical work [155]. As one can notice, carboxyl group
is much bigger and contains two oxygen atoms, which in the end, leads to
bigger disruption in graphene sheet.
The largest changes of the lattice constant11 have been observed for
GML functionalized with -CH2 radicals (see Fig. 4.1.2). For maximal con-
sidered concentration of 12.5%, the relative change of lattice constant a in
comparison to the length of the pristine GML is equal to 1.40%, which is
smaller than for (9,0) CNT functionalized with the same radical at the same
concentration. The elongation of lattice constant is much weaker for non-
11After full geometry optimization of functionalized system, the lattice constants, a
and b, are changed in comparison to pristine graphene. The chosen rhombic supercells
containing in each case only one adsorbate guarantee that the lattice constants of opti-
mized systems are roughly equal (up to 2·10−3 A˚).
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Figure 4.1.3: Simulated constant-current (Vb=0.5V) STM images of func-
tionalized graphene with -NH, -NH2, -CH2, -CH3, -COOH, and -OH frag-
ments at 3.13% concentration. A ball-and-stick model of the functional-
ized graphene lattice is superimposed. The C atoms are depicted in yellow
colour, O in red, H in turquoise, and N in blue.
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radical fragments, i.e. -CH3, for which the percentage change of a is equal to
0.52%. This is bigger than in the case of CNT functionalized with 12.5% of
methyl groups. The smallest relative changes can be observed for hydroxyl
groups (0.46% at 12.5% concentration), which are quite small adsorbates.
Finally, we have supplemented our investigations with simulated STM
images, which are presented in Fig. 4.1.3 for graphene functionalized with
-NH, -NH2 , -CH2, -CH3, -COOH, and -OH at the bias voltage of 0.5 V.
For clarity, a ball-and-stick model of the functionalized graphene lattice
is superimposed on each of these images. The STM images provide use-
ful information not only about the morphology, but also on the electron
density of the occupied states. Scanning tunnelling microscopy is a very
powerful experimental technique which allows investigating simultaneously
the electronic and atomic structure of samples. One can see dark holes
corresponding to small current in the hexagon centres, which are very char-
acteristic for the pure graphene [171, 172] and originate from destructive
interference between the tip and C atoms. The bright spots correspond
to functionalizing fragments covalently bound to the graphene lattice. It
is clearly seen that adsorbates break the hexagonal symmetry of GML and
create scattering centres. In other words, adsorbates act as a carrier trap re-
ducing carrier density. Our simulated STM images nicely correspond with
measured and simulated atomic-resolution tunnelling electron microscopy
(TEM) images achieved by Erni et al. [173]. It was shown that absorption
of molecules, such as primary amines, methyl or hydroxyl groups, is highly
probable when graphene membranes are unavoidably exposed to air and
various organochemical solutions during preparation.
4.1.3 Stability
In this section, we would like to quantify the strength of the covalent bond-
ing of -CH2, -CH3, -OH, -COOH, -NH, and -NH2 fragments to the GLs by
considering the energetics of the systems.
The binding energy generally increases with the number of groups at-
tached to the GMLs (Fig. 4.1.4), which indicates that the binding gets
generally weaker with the increasing concentration of adsorbed molecules.
This simply indicates that the functionalization of GML with all molecules
does not lead to the disintegration of the system into free atoms, however,
only the adsorption energy as defined in Eq. 4.1.2 and corrected according
to Eq. 4.1.3 can show whether the -CH2, -CH3, -OH, -COOH, -NH, and
-NH2 fragments can be chemisorbed to the basal plane of GL as a whole
species.
The adsorption energy per molecule (see Fig. 4.1.4), used as a measure of
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Figure 4.1.4: Binding energies of the GML functionalized with -CH2, -
CH3, -OH, -COOH, -NH, and -NH2 fragments as a function of their density,
measured by the number of adsorbates per (6x6) GML supercell or the ratio
of adsorbates to the number of C atoms in the supercell (upper x-axis).
the stability, slightly increases with growing concentration of -NH2 groups.
In the case of radicals, -NH and -CH2, this trend is opposite in the range of
considered concentrations. For hydroxyl and methyl groups this quantity
oscillate around -0.114 Ry and -0.090 Ry, respectively. Because of steric
hindrance of carboxyl group and its interactions, the adsorption energy per
molecule becames positive at 5.56% concentration, meaning that existence
of such systems is no longer energetically preferable. Experimental data
[174] show that also with hydroxyl functionalization there exists the critical
value for the density of adsorbates above which graphene can not be func-
tionalized. Also Paci et al. [175] showed that interactions between hydroxyl
groups have significant impact on the stability.
Radicals, such as -NH, and -CH2, are generally more stable than other
considered groups, with the exception of -OH groups. This can be ex-
plained as follows. Formation of a single covalent bond with graphene layer
induces an unpaired electron, one of those forming π-bond, at the neigh-
bouring C atom. This, in consequence, should cause reduction of stability
of such system [19, 173]. Therefore, the stability of non-radical admolecules
on graphene basal plane is smaller, unless any other additional adatom is
present in immediate neighbourhood of the adsorbate.
The energetical differences between graphene functionalized by vari-
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ous molecules suggest two potential applications [165]. The adsorbates
with high (more positive) adsorption energy can be easily removed from
graphene, whereas those with low (more negative) can be regarded as suit-
able for use as a nanoelectronic device.
Our calculation also demonstrate that, generally, the stability of GL
functionalized with non-radical adsorbates increases with increasing number
of graphene layers. The bilayer graphene (GBL) in AB stacking and trilayer
graphene (GTL) in ABA stacking with only one layer functionalized are
more stable than GML, however, the differences are small. This is consistent
with recent experimental work concerning oxidation of graphene [176].
Figure 4.1.5: Adsorption energy per molecule for GML functionalized with
-CH2, -CH3, -OH, -COOH, -NH, and -NH2 fragments as a function of their
density, measured by the number of adsorbates per (6x6) supercell or the
ratio of adsorbates to the number of C atoms in the supercell (upper x-axis).
Note that only graphene monolayer with high concentration of carboxyl
group is unstable.
Binding of all considered adsorbates to the basal plane of graphene is
approximately two times weaker than it was observed for functionalized
CNTs. It is consistent with analysis of geometry of those structures given in
previous section. As one can see, even the changes in charge density caused
by grafting molecules to graphene (Fig. 4.1.1 (b)) are much smaller than for
nanotubes (Fig. 3.1.5). Nanotube has a curved structure with misaligned
π-orbitals, while graphene is flat and has π electrons delocalized over entire
2D plane. Even possibility of covalent attacks to graphene from both sides
of the plane [2] does not improve the reactivity, which is lower than that
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of carbon nanotubes [177]. Therefore, only highly reactive species can form
covalent bonds with graphene. Reactivity of graphene is decreasing with
increasing number of layers. However, the mechanical strain in the graphene
lattice can improve the chemical reactivity [21].
Our calculations demonstrate that the almost all considered fragments
are very promising functionalizing species leading to stable functionalized
GLs up to concentration of 12.5%. This conclusion agrees with experimental
TEM observation [173], that small molecules, such as -OH, NH2, and -CH3,
can be stable on graphene even at room temperature during periods of
several seconds or even minutes. In turn, the presence of -COOH groups on
the surface of acid treated graphene has been confirmed by X-ray adsorption
[178].
4.2 Mechanical Properties
As the thinnest and the strongest material ever synthesized in the world,
graphene attracts a lot of research attention. The superior mechanical prop-
erties of graphene make it ideally suited for applications in flexible electron-
ics [145, 179, 180, 181, 182, 183] and nanocomposites [146, 147, 149]. How-
ever, similarly to CNTs, functionalization is necessary to properly disperse
graphene in matrices.
So far, almost all the studies on the covalent functionalization of graphene
focused on the effect of adsorbates on structural and electronic properties
of graphene, while mechanical properties have been considered only in few
of them. However, this type of functionalization, as is shown in previous
Sec. 4.1, leads to local and global effects on graphene layer. In applications
where functionalized GLs are employed as nanoresonators, sensors for chem-
ical and biological substances, selective barriers or impermeable membranes
[162, 5, 170], an in-depth understanding of the effect of functionalization on
the elastic moduli and failure behaviour is critical. Therefore, an extensive
and systematic ab initio studies of elastic properties of the functionalized
GMLs, which we have performed, seem to be vitally important.
4.2.1 Calculation Details
Our studies of GML functionalized with -NH, -NH2, -CH2, -CH3, -COOH,
and -OH, are based on ab initio calculations within the framework of the
spin polarized density functional theory (DFT) [22, 23] as implemented in
the SIESTA package [31, 32]. The so-called PBE form of the generalized
gradient approximation (GGA) [68] is chosen for the exchange correlation
density functional. The computations involving full geometry optimiza-
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tion have been performed employing following parameters of the SIES-TA
package that determine numerical accuracy of the results: double-ζ-plus-
polarization basis, kinetic energy mesh cut-off of 550 Ry, the self-consistency
mixing rate of 0.1, the convergence criterion for the density matrix of 10−4,
maximum force tolerance equal to 0.001 eV/A˚. The Brillouin zone has been
sampled in the 5x5x1 Monkhorst and Pack scheme. Calculations have been
performed for supercell geometry with graphene layers separated by a dis-
tance large enough to eliminate all kinds of spurious interactions (80 A˚). To
investigate the various densities of the adsorbates, we have taken large lat-
eral unit cells that contain 4, 9, 16, 25, and 36 standard two-atomic graphene
unit cells arranged respectively in the patterns (2x2), (3x3), (4x4), (5x5),
(6x6) (i.e., these supercells contain 8, 18, 32, 50 and 72 carbon atoms, re-
spectively) and placed a functionalizing groups in the enlarged supercells.
The Brillouin zone has been sampled in the 15x15x1 Mokhorst-Park scheme.
Elastic moduli, Young’s, shear and bulk, have been calculated according
to Eq. 3.2.2, Eq. 3.2.5, Eq. 3.2.4, respectively. The volume of functionalized
systems in the supercell is calculated using the following equation:
Vo = a · b · sin(θ) · t (4.2.1)
where a and b are lattice constants of the supercell, θ is the angle between
them, thickness t has been chosen as double Van der Waals radius of C atom
(equal to 0.34 nm). The volume of attached molecules has been neglected.
To complete the set of elastic constants calculated in this work, the Poisson’s
ratio was obtained using the following formula:
η = −Δa
a
b′
Δb′
, (4.2.2)
where b′ is projection of the lattice vector b on the direction perpendicular
to lattice vector a, Δa and Δb′ denote a change of a and b′ in the strained
graphene layer, respectively.
4.2.2 Elastic Properties of Pure Graphene
Before we turn to the elastic moduli of the functionalized graphene, we
would like to present our results for pristine graphene. This allows for
comparison with previous works and provides the reference to the case with
functionalization. Young’s, bulk, and shear moduli, and also Poisson’s ratios
for pristine graphene are gathered in Tab. 2.
The calculated value of Young’s modulus for the pure graphene agrees
excellently with experimental findings: 0.980±0.144 TPa [184], 1±0.1 TPa
[185], and theoretical works: 0.965 TPa [186], 0.994 TPa [92], 1.05 TPa
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Table 2: Elastic properties of graphene
Property Graphene
Y [TPa] 1.050
K [TPa] 0.528
G [TPa] 0.449
η 0.169
[187], 1.06 TPa [188, 189], 1.11 TPa [85], 0.95-1.1 TPa [190]. Some of those
values have been recalculated from in-plane stiffness to the Young’s modulus
using as a thickness of layer doubled Van der Waals radius of C atom.
Calculated Poisson’s ratio is very close to previously reported values:
0.149 [92], 0.16 [186], 0.17 [191], 0.186 [187].
The experimental value of bulk modulus is 0.582 TPa [192] for pure
graphene, which agrees very well with our theoretical predictions. This
value has been recalculated from Pa ·m to TPa analogously to the case of
in-plane stiffness.
The last considered elastic modulus, shear modulus (G) of pure graphene
agrees nicely with some previous theoretical works: 0.432 TPa [92] 0.445
TPa [188], 0.366-0.460 TPa [193], however in comparison to experimental
work it is almost twice as large: 0.280±0.036 TPa [194].
4.2.3 Elastic Properties of Functionalized GLs
We start with the presentation of Young’s modulus for GML functional-
ized with -NH, -NH2, -CH2, -CH3, -COOH, and -OH fragments, as depicted
Fig. 4.2.1. This quantity, calculated according to Eq. 3.2.2, measures the
stiffness of material and is crucial for all of potential applications. For
all considered fragments, -NH, -NH2, -CH2, -CH3, -COOH, and -OH, the
Young’s modulus decreases with increasing density of the adsorbates. For
small concentrations of adsorbates, this trend is more pronounced for rad-
icals, -CH2 and -NH, than for other groups. For highest considered con-
centrations, the difference between adsorbates is quite small. For 12.5%
concentration of -CH2 radicals, the Young’s modulus decreases by 19.46%,
whereas for the same concentration of -NH2 groups, the reduction in the
Young’s modulus equals to 14.26%. One can observe that chemisorption
of radicals has less influence on stiffness of graphene than of carbon nan-
otubes, whereas for other adsorbates the percentage reduction is compara-
ble. However, pure graphene has bigger Young’s modulus than pure carbon
nanotube. For primary amines and hydroxyl groups, functionalized GMLs
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are significantly stiffer than functionalized CNTs. Therefore, functionalized
GLs are better reinforcement agent than CNTs.
It is worth to mention that our calculations agree very well with available
theoretical data. For 12.5% concentration of hydroxyl groups, we have
obtained Young’s modulus equal to 0.88 TPa, whereas Zheng et al. [195]
reported 0.81 TPa for this quantity. For GML functionalized with 3.13%
concentration of -NH2 groups, we have obtained 0.98 TPa, which is very
close to the Zheng’s result [169] for 3.5% concentration of the same groups.
Also experimental findings concerning mechanical properties of graphene
oxide (GO) [5, 149, 196] support our observations. Graphene oxide is heavily
oxygenated structure - it contains many hydroxyl and epoxy groups on sp3
hybridized C atoms on the basal plane and carbonyl and carboxyl groups
located at the edges on sp2 hybridized C atoms. Young’s modulus of GO
has been experimentally determined as 0.25±0.15 TPa [197].
Figure 4.2.1: The Young’s modulus of GML functionalized with -NH, -
NH2, -CH2, -CH3, -COOH, and -OH fragments as a function of the density
of attached molecules, given as the number of attached molecules per (6x6)
supercell (lower x-axis) or the ratio of adsorbates to the number of C atoms
in the (6x6) supercell (upper x-axis).
The physical mechanism responsible for reduction in Young’s modu-
lus can be explained as follows. The attachment of all fragments to the
graphene layer depletes one or two (in case of -NH and -CH2 radicals) π-
bonds in graphene, and only the σ bond remains, which makes the bonding
between C atoms weaker. Also the out-of plane sp3 bonds increase the

“doktoratKM5˙b5˙marginesy” — 2013/8/8 — 22:50 — page 86 — #104






86 4 Graphene Layers
flexibility and diminish the strength of graphene due to possible bending
by tension. This weakening can be also associated with binding energy
between the functional group and graphene layer, which becomes less neg-
ative with increasing number of attachments (see Fig. 4.1.4). Therefore,
the decrease of Young’s modulus with increasing number of adsorbates can
be understood in terms of rehybridization of C-C bonds caused by covalent
functionalization. In other words this dependence is due to reduction of
binding energy between the functionalizing group and graphene layer.
This observation is consistent with previous theoretical works consider-
ing covalent functionalization of graphene monolayer with -H (graphane)
[186, 198], -CH3 [170, 195], -OH & -COOH [195], and -NH2 [169] molecules.
Also Zhang et al. [199] shows that random rehybridization of C-C bonds
in graphene bilayer is giving rise to geometrical imperfections and causes a
reduction in the Young’s modulus as well as in the tensile strength. The
presence of 5.81% of sp3 bonds leads to 11.47% reduction of Young’s modu-
lus in comparison to the pure graphene. In case of physisorption of hydrogen
atoms [200], contrary to chemisorption, reduction of Young’s modulus is al-
most imperceptible. Physisorption is dependent on weak van der Waals
interactions and does not cause rehybridization of carbon bonds. There-
fore, results obtained by Mirnezhad et al. [200] confirm presented above
explanation.
Besides Young’s modulus, other elastic properties, such as Poisson’s ra-
tio, shear and bulk moduli have been calculated and discussed in details
below.
In Fig. 4.2.2, we present the Poisson’s ratio of GML functionalized with -
NH, -NH2, -CH2, -CH3, -COOH, and -OH fragments as a function of density
of attached molecules. Contrary to the functionalized CNTs, functionalized
GMLs present clear trend. Poisson’s ratio decreases with increasing number
of adsorbates starting with value greater than 0.2 for 1.39% concentration
and ending with value around pure graphene for 12.5%. Differences be-
tween adsorbates are quite small, even radicals from non-radicals can not
be distinguished by this quantity, which describes how easily the system is
deformed in the direction perpendicular to the applied load. This ratio for
all studied systems does not differ very much from pure graphene. However,
this observation can not be generalized for all types of covalent function-
als. Topsakal et al. [186] showed that Poisson’s ratio of graphane, which is
highly hydrogenated graphene, is almost half (0.07) of Poisson’s ratio for
pure graphene (0.16).
We complete the discussion of the elastic moduli for functionalized GMLs
with the presentation of results for shear and bulk moduli - the magnitudes
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Figure 4.2.2: The Poisson’s ratio of GML functionalized with -NH, -NH2,
-CH2, -CH3, -COOH, and -OH fragments as a function of the number of
attached molecules per (6x6) supercell. Top axis gives the concentrations
of adsorbed molecules in %.
which can be easily calculated from Young’s modulus and Poisson’s ratio
employing formulas 3.2.5 and 3.2.4, respectively.
The shear modulus as a function of adsorbates density, depicted in
Fig. 4.2.3, behaves very similarly to the Young’s modulus (Fig. 4.2.1). Gen-
erally, the shear modulus drops with the increasing density of the attached
molecules. This decrease is stronger for radicals than for non-radical groups.
For the highest considered concentration of the -CH2 radicals, the shear
modulus is smaller by 19.15% with respect to pristine case. This reduc-
tion is only a little bit smaller than for CNT functionalized with the same
concentration of -CH2 radicals. However, for non-radical groups the per-
centage change with respect to pristine system is bigger for GMLs than for
SWNTs, whereas the value is very close. For 12.5% concentration of -OH
groups, the shear modulus (G) is exactly the same and equals to 0.377 TPa
for both, GML and (9,0) CNT. We have noted very good agreement with
previous theoretical work exploring mechanical properties of GML function-
alized with -NH2 [169].
The shear deformations, which play an important role in wrinkling and
rippling behaviour of graphene, [201, 194] could be, like stiffness, related to
the rehybridization of C-C bonds and binding energy.
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Figure 4.2.3: The shear modulus of GML functionalized with -NH, -NH2,
-CH2, -CH3, -COOH, and -OH fragments as a function of the density of
attached molecules, given as the number of attached molecules per supercell
(lower x-axis) or the ratio of adsorbates to the number of C atoms in the
supercell (upper x-axis).
The bulk modulus as a function of the concentration of attached mole-
cules is shown in Fig. 4.2.4. The bulk modulus behaves similarly to other
elastic moduli and decreases with the growing concentration of functional-
izing molecules. However, one can observe, that for radicals, starting from
the 2% concentration, the calculated bulk modulus is always smaller than
for pure graphene, whereas for non-radical adsorbates such behaviour can
be observed only for higher concentrations. It means that, for some adsor-
bates at small concentrations, it is possible to obtain materials, which are
more resistant to uniform compression than pure graphene. The trend in
bulk modulus strictly resembles the trend observed for the Poisson’s ratio.
For better comparison, changes induced by functionalization in the mag-
nitude of different elastic moduli have been plotted in Fig. 4.2.5 indicating
the percentage reduction of those quantities for -CH2 radical and -NH2
group at 12.5% concentration. As one can see, for each type of adsorbates,
the relative reduction in Young’s, shear and bulk moduli is similar.
Despite the great potential of graphene as the nanofillers, to achieve
homogeneous dispersion in matrix, which is crucial for effective reinforce-
ment of polymer, the functionalization is essential. This process can greatly
enhance the interfacial bonding characteristics of graphene - polymer com-
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Figure 4.2.4: The bulk modulus of GML functionalized with -NH, -NH2,
-CH2, -CH3, -COOH, and -OH fragments as a function of the density of
attached molecules, given as the number of attached molecules per supercell
(lower x-axis) or the ratio of adsorbates to the number of C atoms in the
supercell (upper x-axis).
Figure 4.2.5: The percentage change in elastic moduli for -CH2 and -NH2
functionalized graphene (for 12.5%) with respect to pristine GML.
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posites [149, 189, 202]. Moreover, it was shown by Zhang et al. [189]
that increasing number of adsorbates increases the bonding energy between
graphene and polymer matrix. Many experimental works show that incorpo-
rating functionalized graphene instead of functionalized carbon nanotubes
results in better elastic properties of composites [149, 97, 203, 204, 205, 206].
The superiority of graphene over SWNTs results from 2D geometry, high
surface to volume ratio and stronger interface interactions [199].
Generally, our studies provide theoretical predictions for the elastic prop-
erties of the covalently functionalized GMLs. The presence of all functional
groups leads to reduction of elastic moduli, however for some concentration
of -CH3 (≤ 2%), -COOH (≤ 3.13%), -OH (≤ 5.56%), and -NH2 (≤ 12.5%)
is possible to obtain materials with bulk modulus greater than for pure
graphene. Functionalized GMLs are stiff enough to be good reinforcement
in composites materials, even better than CNTs.
4.3 Electronic Properties
Graphene, one of the allotropes of carbon, is a monolayer of C atoms packed
into a dense honeycomb 2D crystal structure. The sp2 hybridized C atoms
with occupied s, px and py atomic orbitals on each C atom form three
deep lying σ bands. Overlap of the remaining pz orbitals between neigh-
bouring atoms creates filled π and empty π∗ orbitals (cones). The π and
π∗ states form the highest occupied valence band and the lowest unoccu-
pied conduction band, respectively. These states are degenerated at the
corner of the hexagonal Brillouin zone, so-called K/K’-point. The effec-
tive mass description to the valence and conduction bands is equivalent
to 2D Dirac-like equation with linear dispersion near K/K’ (Dirac point)
[5, 207, 208, 209]. The gapless conical spectrum, presented in Fig. 4.3.1,
is very robust and topologically protected. For more than one layer (see
Fig. 4.3.1 (b)-(e)) situation is quite different. The dispersion relation E(k)
is no longer linear and is strictly parabolic at high symmetric K/K’-point
[5, 148, 207, 209, 210, 211, 212]. However, the energy band gap is still
zero. This hinders direct application of graphene layer in field effect tran-
sistors (FETs) [162, 213]. The possibility to generate controllable band
gap in graphene without significant deterioration of the graphene’s advan-
tageous properties is desirable. This could be achieved by applying an
external electric field [214, 215, 216, 217], geometrically confining graphene
into nanoribbons and quantum dots [218, 219, 220], or by functionalization
[163] through selective control of the carrier concentration.
However, covalent functionalization leads to dramatic changes in prop-
erties of GL [162, 20, 5, 150, 142, 152, 221]. Knowledge of influence of func-
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Figure 4.3.1: Electronic band structure around high symmetry K point in
the Brillouin Zone of (a) monolayer, (b) bilayer, (c) trilayer, (d) tetralayer,
and (e) pentalayer of graphene in the Bernal AB stacking. (f) The total
density of states for pristine GML. Inset: The magnified DOS around Fermi
energy, which is set to zero. Note that only for the monolayer the linear
dispersion in K point is present. All systems have zero energy band gap.
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tionalization on electronic structure is of essential importance considering
its implementation in (opto)electronic devices [21]. This requires detailed
and systematic studies, which has been performed in this thesis.
4.3.1 Calculation Details
The calculations have been carried out in the framework of density func-
tional theory (DFT) [22, 23] realized in the SIESTA package [31, 32]. All
calculations were done using PBE form of the generalized gradient approx-
imation (GGA) [68] for the exchange correlation density functional. Full
geometry optimization was performed to get vanishing forces on atoms.
Following parameters were set to: the basis set - double-ζ-plus-polarization
, kinetic energy mesh cut-off - 600 Ry, the self-consistency mixing rate
- 0.2, the convergence criterion for the density matrix - 10−4, maximum
force tolerance - 0.001 eV/A˚. The Brillouin zone has been sampled in the
21x21x3 Monkhorst and Pack scheme. Calculations were performed for su-
percell geometry with graphene layers separated by a distance large enough
to eliminate all kinds of spurious interactions. To investigate the various
densities of -NH, -NH2, -CH2, -CH3, -COOH, and -OH fragments function-
alizing GMLs, we have taken large lateral unit cells that contain 4, 9, 16,
25, and 36 standard two-atomic graphene unit cells arranged respectively
in the patterns (2x2), (3x3), (4x4), (5x5), (6x6) and placed functionalizing
groups in the enlarged supercells. For the bilayer graphene with function-
alized only one layer with one fragment we have calculated (2x2), (3x3)
and (4x4) supercells (containing 16, 36, and 64 carbon atoms, respectively).
All calculations have been performed in the spin polarized mode. For bet-
ter imaging of density of states, the peak width for broadening the energy
eigenvalues has been set to 0.05 eV.
4.3.2 Engineering the Band Gap
We start the presentation of the results for functionalized systems by looking
at the details of the band structure for graphene monolayer functionalized
with methyl (-CH3) group (see Fig. 4.3.2). The graphene band structure is
very sensitive to lattice geometry. Therefore, the presence of functionaliz-
ing group bound to the basal plane of graphene monolayer strongly mod-
ifies the electronic properties of the system. The flat impurity bands that
arise around the Fermi level (set to zero) are indicated in Fig. 4.3.2 (a)
by dark brown colour. The presence of the impurity bands in the case of
covalent functionalization of graphene monolayer has been also observed
in other works [171]. It should be also noted that this effect is similar
to the one, which was observed in the case of functionalized CNTs (see
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Sec. 3.3.2). It is clearly seen from band structure (Fig. 4.3.2 (a)) and den-
sity of states (Fig. 4.3.2 (b)) that these bands belong to different spin pop-
ulations (marked by solid and dashed lines) and are new HOMO and new
LUMO levels of the system. In the case of -CH3, -NH and -CH2 fragments,
the energy band gap is direct (see Fig. 4.3.2 (c)), however, its size depends
on the concentration of adsorbates and periodicity of the functionalized
system. According to the Garcia-Lastra observation [222], the choice of
supercell with lattice vectors that are 3n times longer than the primitive
lattice vectors of graphene always reduces the band gap.
One can analyse the chemical origin of the ’impurity’ bands by plotting
the projected density of states. This analysis for (4x4) graphene monolayer
functionalized with -CH3 is shown in Fig. 4.3.2 (d). Those impurity bands
originate not only from electronic states of the functionalizing group, but
mostly from sp2 → sp3 rehybridization caused by the covalent bonding
of this group to the basal plane (pink line with triangle symbols). The
contribution coming from C atom to which methyl is bound and its first
neighbours (light pink line with circle symbols) is bigger than from group
itself (dark brown line with square symbols). The covalent bonding of the
methyl group to basal plane of graphene creates geometric distortion that
extends over many lattice sites, affecting even third C neighbours.
The adsorption of -COOH group induces a positive charge (see Fig. 4.1.1
(b)) on graphene basal plane, which results in downshifting of the upper
bands (see Fig. 4.3.3 (a)) and appearance of new flat bands. This effect
was previously reported in Ref. [155]. Again, those bands correspond to the
localized states in vicinity of the adsorbate. In other words, the physical
mechanism of formation of the ’impurity’ bands described for GML func-
tionalized with methyl is also valid in this case and for other considered
types of adsorbates. For -COOH, -NH2 and 12.5% of -OH groups the en-
ergy band gap is indirect. By proper choice of functionalizing molecule one
can create direct or indirect semiconductor.
The functionalization of graphene monolayer with -OH group at con-
centrations smaller than 12.5% does not open band gap. Flat impurity
bands cross the Fermi level, leading to appearance of a small peak in DOS.
This state is hall filled. Our observations agree with previous theoretical
predictions [158, 166].
The fundamental band gap has been calculated as the difference between
the Kohn-Sham energy of highest occupied molecular orbital (HOMO) and
the KohnSham energy of the lowest unoccupied molecular orbital (LUMO).
The dependence of the fundamental band gap on type and concentration of
adsorbates is shown in Fig. 4.3.4 (a) and (b), respectively. For the range of
studied concentrations, we have obtained energy band gap from 0, for func-
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Figure 4.3.2: (a) Electronic band structure of -CH3 functionalized GML
along M → Γ → K → M line in the Brillouin Zone, (b) the total density
of states of (4x4) GML functionalized with one -CH3 group (brown line).
Different spin populations are marked by solid and dashed lines. Impurity
bands are emphasized by usage of darker colours. For comparison, the band
structure and DOS for pure graphene are depicted (grey lines). The Fermi
energy is set to zero and indicated by orange dotted line. (c) Magnified
band structure. Direct energy band gap, 0.3343 eV, is indicated by orange
arrow. (d) For impurity band origin analysis, the projected DOS on the
basis orbitals is also shown. The following atoms and orbitals are indicated:
all atoms (light brown line), all pz orbitals of carbon atoms constituting
graphene layer (pink line with triangle symbols), methyl group (dark brown
line with square symbols), and carbon atom from graphene to which the
group is bound and its first neighbours (light pink line with circle symbols).
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Figure 4.3.3: (a) Electronic band structure of -COOH functionalized GML
alongM → Γ → K → M line in the Brillouin Zone and (b) the total density
of states of(4x4) GML functionalized with one -COOH group (blue line).
Different spin populations are marked by solid and dotted lines. Impurity
bands are emphasized by usage of darker colours. For comparison, the band
structure and DOS for pure graphene are depicted (grey lines). The Fermi
energy is set to zero and indicated by orange dotted line. (c) Magnified band
structure showing indirect energy band gap, 0.3095 eV, which is indicated
by orange arrow. (d) For impurity band origin analysis, the projected DOS
on the basis orbitals is also shown. The following atoms and orbitals are
indicated: all atoms (blue line), all pz orbitals of carbon atoms constituting
graphene layer (light blue line with triangle symbols), carboxyl group (pur-
ple line with square symbols), and carbon atom from graphene to which the
group is bound and its first neighbours (violet line with circle symbols).
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Figure 4.3.4: The fundamental band gap for (a) all considered adsorbates
bound to (4x4) graphene supercell (3.13% of concentration) and (b) for
all considered concentration of -NH2 group. By changing the type and
concentration of dopants it is possible to tune the band gap.
tionalization with hydroxyl groups at concentrations smaller than 12.5%,
to 0.747 eV, for GML functionalized with 12.5% of methyl group. As
Boukhvalov and Katsnelson [165] showed, this range can be broadened even
to almost 3 eV for 25% of -CH3 groups. Quite naturally, the band gap
increases with the concentration of the attached amines. This dependence
is true for all other adsorbates. All this shows clearly that the band gap of
graphene monolayer can be tuned within fairly large range by proper choice
of type and concentration of adsorbates.
For the bilayer graphene, one-side doping of the same supercells as in the
case of monolayer leads to opening smaller band gap, which is less sensitive
to type of dopant than in the case of monolayer. These results agree with
Boukhvalov and Katsnelson [165] ones regarding functionalization of bilayer
graphene with methyl, primary amine and carboxyl group.
The most important issue in Fig. 4.3.5 (c) & (d) is the variation of
the effective mass at the K-point with respect to size of the supercell. For
(3x3) and (6x6) supercells, meff values are close to 0 (see the bars indicated
by orange arrows), which is consistent with the phenomenon of zero band
gap for supercells with dimensions being multiples of three graphene lattice
constants described by Garcia-Lastra [222]. Breaking of the hexagonal sym-
metry of the layer is also clearly seen in effective masses. They are typically
slightly bigger along K-Γ than K-M direction. Neglecting supercells divisi-
ble by three, one can observe that effective masses increase with increasing
concentration of -NH2 groups. This is true for all considered fragments.
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Figure 4.3.5: The electron effective mass, meff for 3.13% concentration of
-NH, -NH2, -CH2, -CH3, -OH, and -COOH fragments in K point along the
direction (a)K → Γ and (b)K → M , respectively. The dependence ofmeff
on concentration for -NH2 group is also presented on (c) (K → Γ) and (d)
(K → M). (3x3) and (6x6) supercells, for which the mass is considerably
reduced, are indicated by orange arrows.
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At some concentrations and for some adsorbates, meff are comparable
to masses in silicon or gallium nitride.
Our results shed light on physical mechanisms leading to the changes
of the band structure in covalently functionalized GLs. We have shown
how to open and tune the band gap in graphene monolayer and bilayer.
The changes in electronic structure, including increase of effective masses
of electron have been explained regarding the problem of chosen symmetry
of the supercell.
4.4 Transport Properties
Graphene is remarkable from electronic point of view. It has several proper-
ties such as extremely high mobility, high surface area-to-volume ratio, fast
electron transfer rate, ballistic transport on submicrometer scale, the elec-
tron conductivity even higher than for copper at room temperature or good
biocompability [155, 148, 207, 150, 223, 224, 225] which can be beneficial in
the design electrochemical sensors. It was already reported that graphene
based sensors can detect even individual molecules [20, 224, 226]. Because
of biocompability of graphene, it is possible to detect glucose [227, 157],
proteins [228], DNA [229] or even bacteria [230]. Smaller, faster and more
sensitive sensors, like graphene based ones, are nowadays searched for envi-
ronmental applications [231, 232].
The proper sensing depends on many parameters, which demand a trade
off between mechanical and electrical properties such as interface accessi-
bility with molecular sensitivity and selectivity at room temperature or
mechanical and electrical robustness. Pristine graphene, despite its zero
energy band gap, which is the main hurdle in electronic applications, has
no dangling bonds on its surface. Functionalization with small molecules
can resolve this problem enhancing chemisorption of target molecules to
the basal plane of graphene. However, there is the other, negative side of
functionalization, especially the covalent one. As it was shown in previous
sections, this type of modification leads to many unwanted changes on local
and global scale in morphology, elastic and electronic properties. To anal-
yse this effect, we have performed studies of transport properties of GMLs
functionalized with simple organic molecules at low concentrations.
4.4.1 Calculation Details
We have used TranSIESTA [38] package to calculate the transmission co-
efficients T(E, Vb) according to Eq. 3.4.1, and then current-voltage I(Vb)
characteristics due to Eq. 3.4.3. The studied structures have been treated

“doktoratKM5˙b5˙marginesy” — 2013/8/8 — 22:50 — page 99 — #117






4.4 Transport Properties 99
as two-probe systems with the central scattering region sandwiched between
semi-infinite source (left) and drain (right) electrode regions containing 16
C atoms each. The central region, with electrode extensions, contains in
each case 80 carbon atoms to which functionalized groups are attached. For
the geometry relaxations of central region without electrodes extensions (48
C atoms with adsorbates), we have used SIESTA package [31, 32]. As it was
in the case of transport calculations of CNTs (see Sec. 3.4) the C atoms, ad-
jacent electrode extensions were fixed to perfectly match with those regions
meaning that functionalized structure is stressed (ca. 1.5 kbar).
The so-called PBE form of the generalized gradient approximation (GGA)
[68] has been chosen for the exchange correlation density functional. Com-
putations have been performed employing following parameters of the SIES-
TA package that determine numerical accuracy of the results: double-ζ-
plus-polarization basis, kinetic cut-off for real-space integrals of 500 Ry, the
self-consistency mixing rate of 0.1, the convergence criterion for the density
matrix of 10−4, maximum force tolerance equal to 0.001 eV/A˚, and 8x8x3
k-sampling in Monkhorst Pack scheme. For the transport calculation the
complex energy contour has been always set to value below the lowest energy
in the energy spectrum of each system. The number of points along the arc
part and on the line of the contour have been set to 16 and 10, respectively,
whereas number of Fermi poles to 16. For the current calculations, we have
used default value of small finite complex part of the real energy contour
(10−6 Ry) and increased number of points on the close-to-real axis part of
the contour in the voltage bias window to 10. For accuracy of transmission
spectra the energy window has been in the range of (-3,3) eV, the number
of points for the computation of the transmission function has been quite
high (500) and the number of eigenvalues of the transmission matrix has
been set to 3. All calculation have been performed with spin polarization.
4.4.2 Functionalized GMLs
Motivated by experimental data [154] we have started our studies of trans-
port properties of functionalized GMLs with primary amines. The schematic
view of studied functionalized systems: pure graphene monolayer, graphene
functionalized with one, two, three and five -NH2 group are shown in Fig. 4.4.1
(a).
Chemisorption of -NH2 groups leads to breaking one of π-bonds and
sp2 to sp3 rehybridization of C-C bonds, as it was shown in Sec. 4.1.2.
Unpaired electron, which forms this broken bond remains at the neighbour-
ing C atom. The chemisorption of the next group on different sublattice
is more energetically favourable than on the same sublattice. Similar ob-
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Figure 4.4.1: (a) The schematic view of studied functionalized systems: pure
graphene monolayer, graphene functionalized with one, two, three, and five
-NH2 groups. Electrodes (containing 16 C atoms each) and scattering re-
gions (containing 80 C atoms) are also depicted by black lines. Periodic
boundary conditions are conserved in perpendicular direction to the z axis.
The voltage is applied along the z axis. (b) The zero-bias transmission spec-
tra for pristine (dashed line) and functionalized GML (continuous lines) as
a function of electron energy relative to the Fermi level. (c) I(Vb) character-
istics of all systems for a bias voltage (Vb) from -1.0 to 1.0 V. Inset contains
magnified region from 0.45 to 0.8 V.
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servation concerning hydrogen functionalization of graphene was presented
by Boukhvalov and Katsnelson in Ref.[19]. Therefore, it is more probable
that in an experiment a reduction of conductance with growing density of
amines will be observed rather than conservation of conductance at pristine
graphene level.
Garcia-Lastra et al. [233] showed that there is a systematic dependence
of transmission on the position of the adsorbed molecules to the lateral
surface of metallic nanotubes. The behaviour of the conductance G as
depicted in Fig. 4.4.1 (b) is characteristic for metallic carbon nanotubes with
single adsorbed molecule placed on top of carbon atom, or more adsorbed
molecules placed on equivalent lattice sites (say A) with certain positions
determined by the vectors R = n · a + m ·b, with n − m = 3p, where m,
n, and p are integers, and a and b are two primitive translations of the
graphene lattice. In the case studied in this thesis, the two -NH2 molecules
were placed at graphene lattice sites with (n,m) equal to (0, 0) and (3, 0)
at so-called top positions, therefore, fulfilling the rule [233] and indicating
that graphene layer can be treated as metallic carbon nanotube of infinite
radius. In the case of three adsorbates, one of them was placed on different
sublattice (say B) leading to partially closing the conductance channel.
However, for the case of five adsorbed amines, where molecules are placed
at different graphene sublattices and only two of adsorbent are fulfilling
the rule, where three others not, the behaviour seems to be different. The
conduction around Fermi level is bigger than for three groups and is almost
as big as for the case of one and two adsorbates. But it should be noticed
that this situation changes according to Garcia-Lastra rule outside the range
(-1.3,-1.3) eV, where Fermi energy is set to 0.
No less interesting is an analysis of dependence of current-voltage char-
acteristics on concentrations of -NH2 groups, depicted in Fig. 4.4.1 (c). The
critical bias voltage for the non-zero current is the lowest for the system
with one amine and the highest for five amines covalently bound (see in-
set in Fig. 4.4.1 (c)). For the bias voltage in the range of 0.6 - 0.9 V, the
current for GML functionalized with one and five amines is larger than for
unfunctionalized one, whereas for GML functionalized with two and three
amines is smaller. For bigger bias voltage, one can observe that current of
all functionalized systems is smaller than for pure graphene. However, as
one can see, the I(Vb) characteristics of functionalized GML are not sym-
metric with respect to the point (0,0). For negative bias voltage, the current
flowing through the system with five amines attached is significantly big-
ger than for a system with smaller concentration of adsorbates. There are
two possible explanations: (i) the stress induced by adsorption of amines
to graphene lattice and (ii) the interactions between groups. In Sec. 4.1,
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Figure 4.4.2: The density of states and the zero-bias transmission spectrum
for GML functionalized with (a) -NH2, (b) -NH, (c) -CH3, and (d) -OH
fragments. Studied systems are shown above each graph, where electrodes
and scattering regions are also indicated.
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it was shown that covalent bonding between GML and adsorbates leads
to local (rehybridization of the C-C bonds, out-of-plane distortions) and
global (elongation of the lattice constant a) modifications of graphene lat-
tice and those effects are more pronounced for higher densities of adsorbates.
The nonlinear current response of graphene nanoribbons to bias voltage for
higher strains was also reported by Topsakal et al. [234] and Wu et al.
[235]. This decrease and increase of the current, as shown in Fig. 4.4.1 (c),
is directly related to the changes in morphology of the considered systems
under tension. On the other hand, the interactions between groups start
to be important with increasing density of adsorbates on basal plane of
graphene. The shape of the transmission spectra for five amines is signifi-
cantly changed in comparison to smaller concentration of -NH2 groups - it
is much more smeared from step-like transmission of pure graphene. The
conduction dip at 1.364 eV, which is clearly seen for one, two and three
-NH2 groups covalently bound to GML, disappear for five adsorbates. Wu
et al. [235] showed that electronic properties of graphene nanoribbons are
strongly affected by presence of tensile strain, which can be easily related
with changes in transmission spectra of these systems.
However, as one can see the observed changes in the I(V) characteris-
tics (Fig. 4.4.1(c)) are rather small in comparison to pure graphene mono-
layer. This is consistent with the experimental results of Baraket [154]. The
increasing concentration of primary amines covalently bound to graphene
monolayer causes an increase in the chemical reactivity of the surface, while
the electrical conductivity is decreased. However, even highly aminated
graphene, up to 20%, is conductive enough to be used for DNA detection
as bio-attachment platform in a biologically active field-effect transistors.
Therefore, it is plausible that these functionalized structures can be com-
mercially used as biosensors [162, 224, 231].
Each C atom from graphene lattice is capable of interaction with a sin-
gle molecule and can be considered as a possible target for gas or vapour
species resulting in ultrasensitive response [17, 224]. It was shown that the
adsorption of gas molecule leads to the local change in the carrier concen-
tration inducing a doping of the delocalized 2D electron gas, which can be
experimentally measured in transistor like devices [236, 237]. Therefore, we
have decided to test the possibility of detecting and distinguishing between
very small concentrations of different simple organic molecules. In Fig. 4.4.2
we present DOS and transmission spectra of GML functionalized with four
different types of adsorbates at the same concentration (two adsorbates):
-NH2, -NH, -CH3, and -OH fragments. The band gap is clearly seen in
all systems, because only 48 C atoms of scattering region were optimized,
in such way, that C atoms adjacent electrode extensions have to perfectly
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match with those regions. Therefore, as it was in the case of CNTs (see
Sec. 3.4.3), only at short range the graphene lattice can be affected by pres-
ence of the adsorbates and the structure is stressed (ca. 1.5 kbar). Impurity
bands originating from attached groups are moved further from Fermi En-
ergy than in systems analysed in Sec. 4.3.2 and do not cross the Fermi level
in the case of hydroxyl groups. However, even for those systems, it is pos-
sible to distinguish between systems with different adsorbates (Fig. 4.4.2)
and its concentration (Fig. 4.4.1 (b)) from transmission spectra.
The -NH2 groups and -NH radicals induce resonant transmission, whereas
-OH anti-resonant transmission. The conductance peaks correspond with
DOS peaks at -1.641 eV and 1.798 eV for -NH2 (see Fig. 4.4.2 (a)) and at
0.932 eV and -1.004 eV for -NH radical (see Fig. 4.4.2 (b)). The adsorption
of -OH groups leads to three small dips at 1.823 eV, 1.858 eV and -1.521
eV corresponding with DOS peaks. These unique dips/peaks can be related
with the type of adsorbates, because are induced by quasi bond states in
the structures. Again, the sp2 → sp3 rehybridization caused by the covalent
bonding of the adsorbates to the basal plane of GML is responsible for this
picture. Let us remark that the conductance of graphene functionalized
with amines drops much slower with concentration of dopants than in the
case of hydroxyl groups. It is mostly due to the fact that nitrogen acts as
donor and has smaller electronegativity than oxygen. Transmission spec-
tra of GML functionalized with -OH groups (Fig. 4.4.2 (d)) is much more
smeared and asymmetrical around Fermi energy in comparison to pristine
graphene and graphene functionalized with amines or methyl group. Hy-
droxyl group attracts electron cloud more efficiently than other considered
adsorbates. The conduction is most reduced in -OH case, however, the
differences are not as pronounced as it was in the case of functionalized
SWNTs (see Sec. 3.4.3). The transmission coefficients at 0.4 eV are equal
to 0.393, 0.483, 0.488, 0.508 for -OH, -CH3, -NH2, -NH respectively.
Those results nicely correspond with simulated STM images (see Fig. 4.1.3)
showing that adsorbates create scattering centres. We have shown that
different adsorbates lead to different energy of resonant and anti-resonant
transmission. This effect was also shown by Wei et al. [238] in the case of
nitrogen-vacancy nanoribbons adsorbing NH3, CO and N2 molecules.
The calculated current-voltage characteristics (calculated using Eq. 3.4.3)
for GMLs functionalized with -NH2, -NH, -CH3, -CH2 and -OH compared
to the characteristics of the pristine GML (grey dashed line), are depicted
in Fig. 4.4.3 (b). The critical voltage for the non-zero current is the lowest
for GML functionalized with -CH2 radicals (0.2 V). Those adsorbates cause
the most significant changes in current-voltage characteristics - the slope of
non-zero part for -CH2 is 2.45 times smaller than for pristine graphene mono-
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Figure 4.4.3: The current-voltage characteristics of pure and functionalized
GML for a bias voltage (Vb) from 0 to 1.0 V.
layer. The I(Vb) characteristics for other adsorbates and pure graphene are
similar; current gradients for GML functionalized with -CH3, -OH, -NH2,
and -NH are 1.27-1.58 times smaller than pure GML. The functionalized
systems conduct comparable currents to pure system at the same bias volt-
age applied. At Vb=1.0 V, the currents are equal to 10.160 μA, 8.376 μA,
8.274 μA, 7.434 μA, 6.937 μA, and 6.808 μA for pure GML, GML func-
tionalized with -OH, -CH3, -NH2, -CH2, and -NH fragments, respectively.
Those values are comparable with value for pristine (14,0) CNT (4.456 μA).
Covalent functionalization of GMLs does not ruin current flow through the
system, as it is observed in the case of SWNTs (see Sec. 3.4.3). Similar
changes in current-voltage characteristics for armchair nanoribbons func-
tionalized with -CH3 and -OH groups were presented in Ref. [239]. It is
worth to mention that our I(Vb) characteristics of functionalized GML look
similar to experimental ones of reduced GO and GO [5].
Generally covalent functionalization, which is needed for sensing pur-
poses, leads to a decrease of electrical conductivity. For fabrication of
graphene based devices, such as sensors, the balance between conductiv-
ity and enhanced chemical reactivity should be carefully investigated. Our
studies show that each kind of adsorbate and its concentration can be de-
tected by its own unique resonant or anti-resonant peak. Sensing substances
in GML-based devices can be easily monitored through two-probe transport
experiments. The GML are better candidates for building sensors than
CNTs, where SWNT are not sufficient and usage of at least DWNTs is
required for proper operation of such devices.
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4.5 Conclusions
The covalent functionalization of GLs with simple organic molecules homo-
geneously distributed over basal plane of GLs results in local and global
modifications of their geometry. Generally, functionalized GLs exhibit co-
valent bonding between GL and adsorbates, which manifests itself in the
local rehybridization of the C-C bonds and deformation of the functional-
ized system. Adsorbates covalently bind to basal plane of graphene and
stretch the graphene lattice. In addition, the lattice is no longer flat due to
sticking out of C atoms that are bound to those fragments. Binding of all
considered adsorbates to the basal plane of graphene is approximately two
times weaker than it was observed for functionalized CNTs. Reactivity of
graphene is decreasing with increasing number of layers. Our calculations,
which nicely agree with experimental data, demonstrate that almost all con-
sidered adsorbates lead to stable functionalized GLs up to concentrations of
12.5%. We have also determined the critical density of the -COOH groups
(smaller than 5.56%) which could be bound to GML.
The presence of all functional groups leads to reduction of Young’s and
shear moduli, however, functionalized GMLs, in comparison to standard
materials, are still superior, even better than CNTs, and its potential usage
in nanocomposite materials and solar cells is secured. We have shown that
it is possible to create materials more resistant to uniform compression
than pristine graphene, just by functionalization with proper types and
concentration of adsorbates.
Once graphene has been functionalized, its electronic properties are pre-
dicted to change substantially. Functionalization induces interesting ’im-
purity’ states exhibiting parabolic dispersion with electron effective masses
comparable to ones in silicon or gallium nitride. We have found out that the
GLs functionalization leads in many cases to the opening of the graphene
band gap (up to 0.747 eV for 12.5% concentration of methyl groups in
GML). Generally, it is possible to engineer the energy band gap in GL by
changing the type and concentration of adsorbates, which can be utilized
in graphene devices.
The transport properties are also affected by covalent functionalization.
The transmission and I(Vb) characteristics differ between various types of at-
tachments. The resonant/anti-resonant behaviours induced by quasi-bond
states in the structures can be observed. Hydroxyl groups introduce the
most dramatic changes in transmission spectrum and I(V) current, whereas
methyl groups cause the smallest change. This effect allows to distinguish
between type and concentration of adsorbates with extremely high sensitiv-
ity. It should be emphasized that changes induced by functionalization are
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not dramatic in comparison with pristine GML. Therefore, functionalized
graphene monolayerscould be, in contrary to functionalized SWNTs, used
as a channel in FET based sensors.
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5 Summary and Outlook
Nowadays, allotropic forms of carbon, such as carbon nanotubes and graphe-
ne, attract a lot of attention because of remarkable properties and its poten-
tial high-performance applications. Functionalization, especially covalent
one, allows to manipulate physical and chemical properties of nanoobjects
and study interaction between those objects and environment. However, it
leads to certain unwanted changes. Fundamental understanding of physi-
cal and chemical properties of CNTs and GLs and their interaction with
molecules is required for development of future technologies. Control over
reactivity, regioselectivity and grafting density to CNTs and GLs can be a
challenging task. The knowledge of influence of functionalization on prop-
erties of CNT and GL is crucial from a scientific point of view and for
achieving practical applications.
Therefore, in this thesis, we have studied the effect of covalent func-
tionalization of carbon nanotubes and graphene layers with simple organic
molecules on mechanical, electronic and transport properties, as well as on
possible usage in nanocomposites and nanoelectronic devices. We have con-
sidered following adsorbates: -OH, -COOH, -NHn, -CHn, at concentrations
of up to 12.5%. Those attachments could be considered as a part of bigger
molecules, a necessary stage in further modification or an ideal targets for
investigation of fundamental questions. They are on their own, an inter-
esting solution which can be used to tailor physicochemical properties of
studied systems or to achieve functionalities that are necessary for desired
applications. All of the systems have been studied using numerical pack-
age SIESTA (tranSIESTA) in the framework of density functional theory in
general gradient approximation and non-equilibrium Green’s function. The
main conclusions from those studies are: (i) Functionalized CNTs and GLs
are stable up to a critical density. (ii) Functionalization of the CNTs and
GLs does reduce elastic moduli but systems remain strong enough to be
used as reinforcement in composites and flexible electronics. (iii) Function-
alization opens band gap in GLs and allows for its engineering, whereas in
CNTs it may induce metallization. (iv) Functionalized DWNT and GLs
exhibit good conductance and could be used as a channel in FET based
sensors. The obtained results of calculations presented in this thesis agree
very well with available experimental data.
Calculation methods which have been used to study covalently function-
alized CNTs and GLs are not universal and can be only an approximation
of real systems measured in experiments. First of all, functionalized sys-
tems could exhibit some degree of disorder that is not taken into account
in our supercell based calculations. The second issue is interaction with
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matrices, substrate or environment, which is out of scope of our atomistic
approach and would require a study based on continuous methods. The
results presented in this thesis correspond to the equilibrium situation at
0 K in vacuum. They provide optimized geometry of functionalized sys-
tems - it is a basis for calculations of electronic structure. However, for
better comparison with experimental situation studies of temperature de-
pendence of functionalized CNTs and GLs on their properties are needed.
The last issue, which can be considered for future studies of those systems is
a necessity to implement gate voltage in transport calculations. Therefore
other methods, like Molecular Dynamics, Monte Carlo approach or contin-
uous methods should be also employed to study properties of functionalized
CNTs and GLs.
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